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ABSTRACT 
Aspects o f the breeding b i o l o g y of the Common Frog, Rana 
temporarxa temporaria L. , were studied i n r e l a t i o n t o a l t i t u d e . 
Work centred on 55 breeding ponds i n northern England, ranging i n 
a l t i t u d e from 86 t o 838m. A chemical temperature i n t e g r a t i o n technique 
was used t o measure pond and s o i l temperatures a t a s e r i e s of s i t e s . 
The temperature f e l l by approximately 0.4°C f o r every lOOra increase i n 
a l t i t u d e . Between 1974 and 1977 spawning was always l a t e r a t higher 
a l t i t u d e s . By delaying spawning, highland embryos were less l i k e l y 
t o encounter l e t h a l l y low temperatures. Highland female f r o g s were 
about f i v e per cent smaller i n snout-vent l e n g t h than lowland females 
and produced 707 eggs on average, less than h a l f the mean number of 
1,586 eggs produced by lowland f r o g s . These d i f f e r e n c e s were thought 
to be due t o the s h o r t growing season and p o s s i b l y to the l a c k of food 
o 
a t higher a l t i t u d e s . At 6 C the eggs from highland females developed 
four per cent f a s t e r than those from lowland females. Highland eggs 
o 
had a lower l e t h a l l i m i t f o r normal development of 2.8 C; one Celsius 
degree below the l i m i t f o r lowland eggs. The mucopolysaccharide 
capsules covering the eggs of Common Frogs a c t as i n s u l a t o r s , keeping 
the embryos warmer on average than the surrounding water. This i s 
thought t o be of importance as Common Frogs breed e a r l y i n the year 
when pond temperatures are o f t e n close to the lower l e t h a l l i m i t . 
The volume o f the capsules and t h e i r i n s u l a t i n g e f f i c i e n c y v a r i e d i n 
d i f f e r e n t pond waters. The concentration of the ions i n the pond water 
used as the c u l t u r e medium was found to be the major f a c t o r i n f l u e n c i n g 
capsular s w e l l i n g , b u t the valency of the i o n s , the temperature and pH 
of the water were also important. These f i n d i n g s were discussed i n 
terms o f t h e i r adaptive s i g n i f i c a n c e . 
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CHAPTER 1 
I n t r o d u c t i o n 
P h y s i o l o g i c a l v a r i a t i o n w i t h i n a p o p u l a t i o n can a r i s e through 
genotypic d i f f e r e n c e s produced by gene mutation, chromosome a b e r r a t i o n and 
the recombination o f a l l e l e s during meiosis. Most organisms can also 
modify the f u l l expression of a s i n g l e genotype during the course of 
development, p a r t i c u l a r l y i n response t o s t r e s s f u l environmental c o n d i t i o n s . 
Differences produced i n t h i s way are phenotypic and, t h e r e f o r e , non-
i n h e r i t a b l e . 
Natural s e l e c t i o n w i l l favour those i n d i v i d u a l s which are 
equipped w i t h u s e f u l genotypic and phenotypic c h a r a c t e r i s t i c s , and s e l e c t 
against i n d i v i d u a l s w i t h disadvantageous f e a t u r e s . N e u t r a l f e a t u r e s may 
also be incorporated i n t o the gene p o o l , however, e s p e c i a l l y i n a p o p u l a t i o n 
experiencing few s e l e c t i v e pressures. For example, i n a p o p u l a t i o n of 
Tree Frogs from Santo Domingo there are two forms, one having a rhomboidal 
p u p i l and the other an oval p u p i l . Both forms are n o c t u r n a l and i n h a b i t 
the same v a l l e y so there would seem t o be l i t t l e reason f o r the d i f f e r e n c e 
(Noble, 1 9 5 4 ) . I t i s unwise t o assume, t h e r e f o r e , t h a t a l l the v a r i a t i o n 
w i t h i n a p o p u l a t i o n i s the r e s u l t of n a t u r a l s e l e c t i o n . 
I f a p a r t i c u l a r c h a r a c t e r i s t i c i s shown t o have a s e l e c t i v e 
advantage, i t may be sai d t o be adaptive. Adaptation was defined by 
Prosser (1964) as "any pr o p e r t y of an organism which favours s u r v i v a l i n a 
s p e c i f i c environment, p a r t i c u l a r l y a s t r e s s f u l one". An adaptive 
c h a r a c t e r i s t i c permits maintenance o f p h y s i o l o g i c a l a c t i v i t y and s u r v i v a l 
when the environment a l t e r s w i t h respect t o one or more parameters. I n 
t h i s study the term 'adaptive' was r e s t r i c t e d t o c h a r a c t e r i s t i c s which 
complied w i t h Prosser's d e f i n i t i o n . 
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I t was noted by Darwin (1859) t h a t wide-ranging species u s u a l l y 
e x h i b i t more v a r i a t i o n than forms having a smaller range. . The Common Frog, 
Rana temporaria temporaria, i s a northern species w i t h a range extending 
over most of Europe and p a l e a r c t i c Asia. I n p a r t s of northern Scandinavia 
and Lapland i t i s found beyond the A r c t i c C i r c l e , w h i l e i n southern Europe 
i t becomes an i n h a b i t a n t of the colder mountainous regions such as the 
Pyrenees and I t a l i a n Alps. As one might expect i n such a wide-ranging 
species there i s considerable v a r i a t i o n , but only two forms appear to be 
e n t i t l e d t o v a r i e t a l d i s t i n c t i o n . Rana temporaria parvipalmata i s found 
i n North-West Spain and can be c o n s t a n t l y d i s t i n g u i s h e d from R. t. temporaria 
by a sh o r t e r web and somewhat more slender form (Boulenger, 1897). Rana 
temporaria chensinensis i s the f a r eastern form, found n o r t h of the Yang-
Tse-Kiang River i n c e n t r a l China. This i s d i s t i n g u i s h e d from European 
R. t. temporaria p r i n c i p a l l y by i t s smaller siz e ( L i u , 1950). 
R. t . temporaria i s the only subspecies found i n Great B r i t a i n 
and I r e l a n d . I t occurs i n a l l the counties of England, Wales and Scotland, 
and breeds a t sea l e v e l as w e l l as a t a l t i t u d e s above 900ra i n the S c o t t i s h 
Highlands. I n I r e l a n d i t i s more common on the west than the east coast, 
and f l o u r i s h e s i n the mountainous areas. 
I n the present study research centred on R. t. temporaria from 
n o r t h e r n England. A c l i m a t i c g r a d i e n t e x i s t s i n t h i s area between the 
comparatively equable lowland regions and the harsher high moorland areas 
of the northern Pennines, which are i n v a r i a b l y colder (Manley, 1936) and 
sub j e c t t o more v i o l e n t c l i m a t i c f l u c t u a t i o n s (Cragg, 1961). Any r i g o r o u s 
h a b i t a t w i l l tend t o f o s t e r more adaptations than a less s e l e c t i v e one, so 
one might expect t o f i n d adaptive d i f f e r e n c e s between highland and lowland 
p o p u l a t i o n s . 
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Many p o i k i l o t h e r m i c animals which i n h a b i t a range of a l t i t u d e s 
have s p e c i a l i z e d adaptations a l l o w i n g the completion of the l i f e - c y c l e 
under d i f f e r e n t temperature regimes. This was found t o be the case i n 
two c r a n e f l y species Tipula subnodicornis and Molophilus ater studied i n 
the northern Pennines by Coulson et al. ( 1 9 7 6 ) . They were shown t o have 
two adaptations which f a c i l i t a t e d the completion of the annual l i f e - c y c l e 
a t d i f f e r e n t temperatures. F i r s t l y Af. ater had an apparently temperature-
independent growth r a t e and, secondly, there was a p e r i o d of reduced 
development t r i g g e r e d by sho r t autumn daylength. As only f u l l y grown 
larvae respond t o t h i s change i n daylength i t allowed larvae developing a t 
lower temperatures t o catch up w i t h those t h a t were f u l l y grown. I n some 
species such as the P s y l l i d , Strophingia ericae, the generation time i s 
extended a t higher a l t i t u d e s (Hodkinson, 1973) , and i n other species such as 
the S i m u l i i d , Prosimulium hirtipes, long egg diapause and r a p i d l a r v a l 
d e v e l o p m e n t - f a c i l i t a t e s the completion of l a r v a l development a t low 
temperatures (Davies and Smith, 1 9 5 8 ) . Common Frogs i n northern England 
have a wide a l t i t u d i n a l range, and the larvae are subje c t t o d i f f e r e n t 
developmental temperatures. I n c e r t a i n cases the l a r v a l p e r i o d i n highland 
areas i s extended t o two years. Gadow (1901) observed o v e r w i n t e r i n g 
tadpoles i n some o f the mountain tarns of North Wales but t h i s i s uncommon 
even i n highland R. temporaria. I t may be t h a t o v e r w i n t e r i n g i s associated 
w i t h i o d i n e d e f i c i e n c y r a t h e r than low water temperature (Lynn and Brambel, 
1 9 3 5 ) . 
There has been l i t t l e work done on a l t i t u d i n a l populations of 
R. temporaria. Kozlowska ( 1 9 7 1 ) compared lowland and highland Common Frogs 
from Poland w i t h respect t o female body l e n g t h , mean number and size of eggs 
and l a r v a l development r a t e . A s i m i l a r study was c a r r i e d out by A e b l i (1966) 
on Common Frogs from the Canton of Glarus, Switzerland. M u l l a l l y and 
Cunningham (1956) s t u d i e d the e c o l o g i c a l r e l a t i o n s o f the Yellow-legged Frog, 
4 
Rana mucosa, i n the S i e r r a Nevada Mountains of C a l i f o r n i a . Ruibal (1955 
and 1957) and Volpe (1957) studied a l t i t u d i n a l populations of the Leopard 
Frog, Rana pipiens, and Pettus and Angleton (1967) compared the repr o d u c t i v e 
b i o l o g y of highland and lowland Chorus Frogs, Pseudacris triseriata, i n 
northern Colorado. The r e s u l t s of these studies are discussed i n 
subsequent chapters. 
I n the present study several parameters were compared i n lowland 
and highland Common Frogs. Research centred on morphological f e a t u r e s and 
p h y s i o l o g i c a l processes which were thought t o be of importance i n the 
s u r v i v a l of a d u l t and l a r v a l f r ogs a t low temperatures. 
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CHAPTER 2 
The Study Area 
Work centred on 55 breeding ponds i n northern England, ranging 
i n a l t i t u d e from 46 t o 838m (Table 1 ) . A l l the ponds were w i t h i n a 20km 
range of l a t i t u d e , mostly i n the Wear Va l l e y t o the west of Durham C i t y 
( F i g . 1 ) . I n general the ponds l a y on areas of carboniferous limestone, 
m i l l s t o n e g r i t and coal measures (Taylor e t al. 1971). The amount and 
Table 1. The l o c a t i o n and a l t i t u d e of the 55 breeding ponds used 
i n t h i s study 
Pond No. Location A l t i t u d e Pond No. Location A l t i t u d e 
(Nat. G r i d r e f . ) (m) (Nat. G r i d r e f . ) (m) 
1 NZ 277438 46 28 NY 856410 427 
2 NZ 291451 61 29 NY 781435 442 
3 NZ 288456 61 30 NY 781434 457 
4 NZ 274405 61 31 NY 780433 472 
5 NZ 254497 76 32 NY 786434 488 
6 NZ 224421 91 33 NY 786434 488 
7 NZ 084366 122 34 NY 786434 488 
8 NZ 079368 137 35 NY 757422 488 
9 NZ 343385 137 36 NY 701297 488 
lO NZ 026363 183 37 NY 788437 511 
11 NZ 026363 183 38 NY 788437 511 
12 NZ 026363 183 39 NY 788437 511 
• 13 NZ 026363 183 40 NY 811433 518 
14 NZ 026363 183 41 NY 806451 556 
15 NZ 026363 183 42 NY 761328 556 
16 NZ 026363 183 43 NY 797447 564 
17 NZ 026363 183 44 NY 758327 572 
18 NZ 004349 244 45 NY 795445 602 
19 NY 992349 305 46 NY 794445 602 
20 NY 989348 335 47 NY 794445 602 
21 NY 991347 335 48 NY 794445 602 
22 NY 977413 335 49 NY 795446 602 
23 NY 977413 335 50 NY 800433 610 
24 NY 977413 335 51 NY 799433 617 
25 NY 913388 373 52 NY 799433 617 
26 NY 913388 373 53 NY 717314 747 
27 NY 857409 411 54 NY 711318 808 
55 NY 710321 838 
4 
s 
O £ 4 
c 
S 
3 
3 CM 
in V) 
(A <3 
i n s 
5 c / 
0 
6 
composition of the vegeta t i o n surrounding the ponds v a r i e d , but there was 
a tr e n d f o r ponds at a l t i t u d e s above 400ra t o be i n moorland areas w i t h a 
substratum of peat, and surrounded by p l a n t s such as Festuca, Carex, 
Calluna and Sphagnum spp. 
2.1 V a r i a t i o n i n Pond Water Chemistry w i t h A l t i t u d e 
The water chemistry of ponds v a r i e d , but i t was found t h a t as 
the a l t i t u d e of a pond increased, the pH and c o n d u c t i v i t y of the water i n 
them tended to decrease (Table 2 ) . The c o n d u c t i v i t y o f the pond water a t 
Table 2. The pH and c o n d u c t i v i t y o f water from ponds o f d i f f e r e n t 
a l t i t u d e 
(Measurements were taken on 1 A p r i l 1976) 
Pond No. Pond a l t i t u d e 
(m) 
Conductivity 
(micromhos/cro at 
15°C) 
pH 
2 
9 
1 
10 
7 
27 
40 
25 
29 
32 
22 
45 
20 
51 
41 
50 
46 
47 
42 
52 
61 
137 
46 
183 
122 
411 
518 
373 
442 
488 
335 
602 
335 
617 
556 
610 
602 
602 
556 
617 
890 
760 
750 
670 
650 
550 
355 
290 
145 
135 
130 
130 
115 
105 
lOO 
90 
87 
80 
77 
75 
8.1 
8.0 
7.5 
8.1 
7.4 
8.0 
7.4 
7.5 
4.7 
7.1 
7.0 
3.9 
6.9 
4.1 
4.5 
6.5 
4.5 
5.7 
6.5 
5.6 
15°C measured i n micromhos/cm (y) was r e l a t e d t o the a l t i t u d e of the pond 
i n metres (x) by the f o l l o w i n g r e l a t i o n s h i p : y = -1.26(-0.15)x + 824.8. 
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The c o e f f i c i e n t of c o r r e l a t i o n of re g r e s s i o n , r = -0.89, was s i g n i f i c a n t l y 
d i f f e r e n t from zero, t = 8.21, d.f. = 18, P < 0.001 ( F i g . 2B). C o n d u c t i v i t y 
i s a measure of the water's a b i l i t y t o convey an e l e c t r i c c u r r e n t and i s 
r e l a t e d to the concentration o f the ions i n the water. As pond water 
c o n d u c t i v i t y decreased w i t h a l t i t u d e , highland pond water must have a 
comparatively low i o n i c c o n c e n t r a t i o n . 
Inorganic ions mainly enter a pond by the weathering of 
surrounding rocks combined w i t h the leaching of l o c a l s o i l s . I n p u t also 
occurs through a e r i a l p r e c i p i t a t i o n s i n c l u d i n g dust, wind t r a n s p o r t e d 
minerals, s o i l p a r t i c l e s and ions i n aerosol form d e r i v e d from the sea. 
The r e l a t i v e importance of these sources of ions v a r i e s w i t h hydrology, 
geology and f a c t o r s a f f e c t i n g the a e r i a l t r a n s p o r t of ions, such as p r o x i m i t y 
t o the sea (Moore and Bellamy, 1974). The low l e v e l of ions i n highland 
ponds probably r e s u l t s from the high percentage i n p u t of r a i n w a t e r , which 
contains few inor g a n i c ions (Crisp, 1966; Gore, 1968), compared w i t h the 
water seeping i n t o a pond. Furthermore, the seepage water e n t e r i n g a 
highland pond u s u a l l y p e r c o l a t e s through peat which releases fewer inorganic 
ions than carboniferous limestone, which i s the main substratum of lowland 
ponds. 
The pH of the pond water (y_) was r e l a t e d t o the a l t i t u d e of the 
pond i n metres (x_) by the f o l l o w i n g r e l a t i o n s h i p : y = -0.005 (-0.001) x + 8.54. 
The c o e f f i c i e n t of c o r r e l a t i o n of r e g r e s s i o n , r = -0.72, was s i g n i f i c a n t l y 
d i f f e r e n t from zero, t = 4.45, d.f. = 18, P < O.OOl (F i g . 2A). The a c i d i c 
c o n d i t i o n s p r e v a i l i n g i n highland ponds are probably the r e s u l t of organic 
acids leaching i n t o the ponds from the surrounding peat and the s e l e c t i v e 
take up o f c a t i o n s by Sphagnum (Clymo, 1964). Highland ponds tend t o have 
a poor water f l o w and few bicarbonate ions, the only r e l a t i v e l y strong base 
found i n n a t u r a l waters (Clarke, 1930), so hydrogen ions are n e i t h e r 
n e u t r a l i z e d or flushed away. They tend t o accumulate, weakly conjugated 
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w i t h whatever anions are being supplied t o the system. I n lowland ponds, 
hydrogen ions combine w i t h bicarbonate ions t o form carbon d i o x i d e and 
water and/or w i l l be flushed out o f the system. 
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CHAPTER 3 
The Measurement o f S o i l and Pond Temperatures 
3.1 I n t r o d u c t i o n 
The climate of the Moor House Nature Reserve has been described 
by Manley (1936) as s u b - a r c t i c , having many features comparable t o those 
at s e a - l e v e l i n southern Iceland. Manley compared a i r temperatures 
recorded i n standard Stevenson Screens a t Moor House ( a l t i t u d e 561m) w i t h 
average temperatures from f o u r northern lowland s t a t i o n s at Newton Rigg 
( a l t i t u d e 170m), Appleby ( a l t i t u d e 134m), Houghall ( a l t i t u d e 49m) and 
Durham ( a l t i t u d e 102m). On average, Moor House was found t o be about 
3.1°C colder than the lowland s i t e s . The mean d i f f e r e n c e v a r i e d over the 
temperature range, the mean maximum a t Moor House being about 3.9°C lower, 
and the mean minimum about 1.8°C lower. The t y p i c a l p a t t e r n can be seen 
i n the data taken from the 1975 Meteorological S t a t i o n records f o r Durham 
and Moor House (Table 3). As expected from Manley's work, Moor House was 
colder than Durham throughout the year (Fig. 3 ) , the g r e a t e s t d i f f e r e n c e 
i n temperature o c c u r r i n g d u r i n g August. 
Using a sucrose i n v e r s i o n technique, Coulson e t al. (1976) 
measured s o i l temperatures (1cm deep) at a s e r i e s of s i t e s on the Moor 
House Nature Reserve, ranging i n a l t i t u d e from 370 t o 820m. There was a 
progressive decrease i n temperature w i t h increase i n a l t i t u d e (1°C per 207m), 
temperature d i f f e r e n c e s between s i t e s being present throughout the year. 
The h i g h e s t temperature d i f f e r e n c e between s i t e s occurred i n autumn and 
the lowest i n w i n t e r and s p r i n g . 
I n the present study two techniques were employed t o measure 
w i n t e r s o i l and pond temperatures p r i o r t o spawning, and pond temperatures 
d u r i n g embryonic development. These techniques are described o v e r l e a f . 
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Table 3. Mean d a i l y a i r temperatures f o r each month i n 1975 from the 
Durham and Moor House Meteorological S t a t i o n records 
h (Max + Min) Mean Da i l y Maximum Mean D a i l y Minimum 
Month Durham Moor House Durham Moor House Durham Moor House 
(102m) (558m) 
Jan 5.6 1.9 8.8 4.0 2.4 -0.3 
Feb 3.5 1.5 6.3 3.5 0.7 -0.4 
Mar 4.1 1.3 7.6 4.1 0.6 -1.6 
Apr 7.6 3.5 11.5 8.9 3.7 -1.9 
May 7.9 6.5 12.2 10.8 3.7 2.2 
Jun 13.1 8.5 18.6 12.8 7.6 4.2 
J u l 15.9 10.3 20.1 13.4 11.7 7.1 
Aug 17.6 10.5 22.8 13.8 12.3 7.2 
Sep 11.9 7.5 16.0 10.0 7.8 4.9 
Oct 8.8 3.3 12.5 5.7 5.1 1.0 
Nov 5.4 2.7 8.7 4.9 2.1 0. 6 
Dec 5.4 3.3 8.4 5.7 2.4 1.0 
Mean 8.9 5.1 12.8 8.1 5.0 2.0 
The d i f f e r e n c e i n mean d a i l y a i r temperature + 1S.E. between Durham 
and Moor House, by the method of p a i r e d comparisons: 
h (Max + Min) = 3.8 - 0.49, t = 7.82, d.f. = 11, P < 
Mean Max = 4.7 + - 0.65, t = 7.17, d . f . = 1 1 , P < 
3.2 Methods Mean Min = 3.0 - 0.45, t = 6.69, d . f . = 11, P < 
3.2.1 Cambridge Thermograph Recorders 
Two Cambridge thermographs were used during the present study. 
One was p o s i t i o n e d near pond (4) i n the Durham area a t an a l t i t u d e o f 61m, 
1 (Max.+ Min.) Durham 
V 
Moor House 
Mean Max 
/ 
Mean Mm. 
v. 
V 
N D M M 
MONTHS(1975) 
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and the other near pond (42) on the Moor House Nature Rtserve at an 
a l t i t u d e of 556m. From 1 January t o the time of spawning the thermographs 
were used t o measure s o i l temperatures at a depth of 5cm. As soon as 
spawning occurred, the sensing bulb of the recorder was t r a n s f e r r e d t o the 
pond and p o s i t i o n e d i n the middle of a spawn mass at a depth of 10cm, 
g i v i n g i n f o r m a t i o n on the temperature experienced by the eggs during 
development. The two recorders were f r e q u e n t l y checked f o r accuracy 
using a mercury i n glass thermometer placed adjacent t o the sensing bulb 
of the recorder. 
3.2.2 Chemical Temperature I n t e g r a t i o n 
I n t e g r a t e d temperature records were obtained using a sucrose 
i n v e r s i o n technique introduced by Pallraann e t a l . (1940). This uses the 
temperature-dependent h y d r o l y s i s of sucrose as the sensing r e a c t i o n : 
sucrose + water -*» f r u c t o s e + glucose 
The r a t e o f t h i s i r r e v e r s i b l e r e a c t i o n i s p r o p o r t i o n a l t o temperature and 
hydrogen i o n concentration. As a l l the sugars are o p t i c a l l y a c t i v e i n 
s o l u t i o n , t h e i r e f f e c t i v e c o n c e n t r a t i o n a t any time d u r i n g the r e a c t i o n can 
be determined p o l a r i m e t r i c a l l y . Thus i f the pH i s constant and the amount 
of i n v e r s i o n i s known, the i n t e g r a t e d temperature experienced by the 
s o l u t i o n can be c a l c u l a t e d . 
Lee (1969) i n v e s t i g a t e d the accuracy of t h i s method and concluded 
t h a t the probable o v e r a l l p r e c i s i o n was - 0.1°C. The main inaccuracy of 
t h i s method i s the exponential r e l a t i o n s h i p between sucrose h y d r o l y s i s and 
the temperature of the s o l u t i o n . This means t h a t the chemically derived 
'exponential' mean temperature (T ) c o n s i s t e n t l y overestimates the a r i t h m e t i c 
mean temperature (T ) . Coulson e t al. (1976) showed t h a t the r e l a t i o n s h i p 
c l 
between T and T over the temperature range 0 t o 16°C could, nevertheless, 
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be adequately described by the s t r a i g h t l i n e equation, y = +0.87(-0.03)x 
- 0.04, where (y) i s the a r i t h m e t i c mean and {x) i s the exponential mean. 
Pallmann and F r e i (1943) found t h a t the temperature range experienced by the 
i n v e r s i o n s o l u t i o n was most important, and where t h i s was le s s than 5°C 
the values of T g and T^ were v i r t u a l l y the same. I n the present study 
'sucrose' tubes were used t o measure w i n t e r s o i l and pond temperatures 
a t a s e r i e s of s i t e s , together w i t h two Cambridge thermographs. The 
maximum d a i l y temperature range recorded by the thermographs was 3.6°C, 
so exponential and a r i t h m e t i c mean temperatures were assumed t o be equal. 
3.2.2.1 P r a c t i c a l d e t a i l s 
The 'Slow I n v e r s i o n S o l u t i o n 1 described by Berthet (1960) was 
used. The maximum change i n the o p t i c a l r o t a t i o n of t h i s sucrose s o l u t i o n 
i s about 60°, but i n p r a c t i c e i t i s d e s i r a b l e t o u t i l i z e only h a l f o f the 
t o t a l range (Lee, 1969) so t h a t maximum r o t a t i o n does not occur i n the 
f i e l d . When a l l the sucrose has hydrolysed t o f r u c t o s e and glucose, the 
s o l u t i o n ceases t o r e f l e c t changes i n environmental temperature. The 
r e l a t i o n s h i p between the time f o r h a l f i n v e r s i o n , temperature and pH was 
described g r a p h i c a l l y by Berthet (1960). This f i g u r e was used t o s e l e c t 
the pH of each batch of s o l u t i o n so t h a t approximately h a l f o f the sucrose 
would convert t o f r u c t o s e and glucose d u r i n g the time i n the f i e l d . 
Approximately 15ml o f the i n v e r s i o n s o l u t i o n was placed i n s i d e 
each of a s e r i e s of 55mm x 25mm specimen tubes w i t h polythene stoppers. 
These tubes were then immediately frozen a t around -25°C, i n which s t a t e 
i n v e r s i o n was n e g l i g i b l e . They were t r a n s p o r t e d t o and from the f i e l d 
i n vacuum f l a s k s c o n t a i n i n g dry i c e . 
Three of the tubes were used t o determine the i n i t i a l r o t a t i o n 
of the sucrose s o l u t i o n before i n v e r s i o n ( a Q ) . A tube was placed i n each 
of three constant temperature rooms at 5°, 10° and 20°C t o per m i t the 
13. 
c a l c u l a t i o n of the constant C^ . The r o t a t i o n angle of the s o l u t i o n was 
measured using a p o l a r i m e t e r manufactured by Bellingham and Stanley. 
Care was taken t o warm up each tube t o room temperature before t a k i n g a 
reading, because Lawton (1969) found t h a t thawed but col d s o l u t i o n s showed 
a r o t a t i o n which was as much as one degree smaller than t h e i r value a f t e r 
reaching room temperature. For each tube two readings were taken and 
the mean c a l c u l a t e d . A specimen c a l c u l a t i o n i s shown i n the appendix. 
3.3 Results 
3.3.1 S o i l and pond temperatures p r i o r t o spawning 
Mean s o i l temperatures a t a depth o f 5cm and pond temperatures 
a t a depth of 10cm were measured a t 14 d i f f e r e n t a l t i t u d e s , using a sucrose 
i n v e r s i o n technique (Tables 4 and 5 ) . The sucrose tubes were placed i n 
the f i e l d on 9 November 1974 and removed on 1 March 1975. S o i l temperature 
i n degrees Celsius (y_) was found t o be r e l a t e d t o the a l t i t u d e of the pond 
i n metres (x) by the f o l l o w i n g r e l a t i o n s h i p : y = -0.0037(-O.00O3)x + 4.57. 
The c o e f f i c i e n t o f c o r r e l a t i o n of regression, r = -0.95, was s i g n i f i c a n t l y 
d i f f e r e n t from zero, t = 10.34, d.f. = 12, P < 0.OO1 (Fig. 4 ) . Pond 
temperature i n degrees Celsius (y) was r e l a t e d t o the a l t i t u d e of the pond 
i n metres (x) by the f o l l o w i n g r e l a t i o n s h i p : y = -0.0037(-0.0004)x + 5.21. 
The c o e f f i c i e n t of c o r r e l a t i o n of regression, r = -0.94, was s i g n i f i c a n t l y 
d i f f e r e n t from zero, t = 9.24, d.f. = 1 2 , P < 0.001 (Fig. 5 ) . As one might 
expect, mean s o i l and pond temperatures were c l o s e l y c o r r e l a t e d w i t h 
a l t i t u d e . The temperature f e l l i n both cases by 1°C f o r every 270m 
increase i n a l t i t u d e . 
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Table 4. Mean s o i l tempeiatures measured a t 14 d i f f e r e n t a l t i t u d e s 
a t a depth of 5cm, us i n g a sucrose i n v e r s i o n technique. 
The tubes were p l a c e d i n the f i e l d on 9 November 1974 
and removed on 1 March 1975 
A l t i t u d e S o i l temperature 
(m) (°C) 
61 4.2 
122 4.1 
183 3.7 
335 3.4 
335 3.7 
373 2.9 
457 2.9 
488 2.8 
511 3.1 
518 2.9 
556 2.8 
602 2.3 
617 1.8 
838 1.2 
Table 5. Mean pond temperatures measured a t 14 d i f f e r e n t a l t i t u d e s 
a t a depth of lOcm, using a sucrose i n v e r s i o n technique. 
The tubes were p l a c e d i n the f i e l d on 9 November 1974 
and removed on 1 March 1975 
Pond no. Pond a l t i t u d e Pond temperature 
(m) (°C) 
2 61 5.4 
7 122 4.9 
11 183 ^ 4.6 
20 335 3.2 
24 335 3.8 
26 373 3.7 
30 457 3.6 
32 488 3.1 
37 511 3.7 
40 518 3.4 
42 556 3.1 
46 602 3.2 
52 617 2.8 
55 838 2.2 
LU 
UJ 
1 
200 400 1000 600 800 
ALTITUDE ,m. 
- J I I I I I 
200 400 600 800 1000 
A L T I T U D E . m . 
15 
3=3.2 Pond temperatures during development 
I n 1976 two thermographs were used t o measure the temperature 
i n lowland pond (2) which was i n the Durham area, and highland pond (4 2) 
at Moor House. The sensing bulb of the recorder was p o s i t i o n e d i n the 
middle of a spawn mass, a t a depth of 10cm. Spawning occurred i n the 
Durham pond on 29 March, and i n the Moor House pond on 6 A p r i l . The mean 
temperature of the eggs i n the Moor House pond between spawning and hatching 
was 6.0°C, 1.1°C colder than the eggs i n the Durham pond. Table 6 gives 
the percentage time t h a t the eggs i n the two ponds were exposed t o a 
p a r t i c u l a r temperature. The eggs i n the Durham pond were at or below 5°C 
Table 6. The percentage time between spawning and hatching, eggs i n 
lowland pond (4) and highland pond (42), were exposed t o a 
p a r t i c u l a r temperature. Percentages were c a l c u l a t e d from 
hourly temperature values taken from Cambridge Thermograph 
recordings 
Temperature The percentage time at a p a r t i c u l a r temperature 
( C 1976 1975 1974 
Pond (4) Pond (42) Pond (42) Pond (42) 
0 
1 
2 
3 
4 
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0 
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f o r f i v e per cent of the time between spawning and hatching, the minimum 
temperature being 4.5°C (Fig. 6). I n the Moor House pond the temperature 
o f the eggs was at or below 5°C f o r 54 per cent of the time, the minimum 
temperature being 2.9°C. 
The low temperatures recorded i n the Moor House pond during 1976 
were by no means unusual. From Table 6 i t would appear t h a t the eggs i n 
t h i s pond were a t or below 5°C f o r 22 per cent of the time i n 1974, and 
63 per cent of the time i n 1975. 
The maximum egg mass temperature recorded i n these two ponds 
during the three year p e r i o d was 15°C. High temperatures are seldom 
recorded i n northern England d u r i n g e a r l y s p r i n g . During the p e r i o d 1966 
t o 1976 the maximum a i r temperature recorded a t Durham during March (the 
month during which most lowland embryos develop) and a t Moor House during 
A p r i l (the month d u r i n g which most highland embryos develop) was 17.2°C i n 
both cases (Table 7). 
3.4 Discussion 
Highland frogs spawn l a t e r i n the year, which tends t o compensate 
f o r the lower temperatures a t higher a l t i t u d e s . As a r e s u l t there i s 
probably l i t t l e d i f f e r e n c e i n the mean developmental temperatures experienced 
by the eggs i n d i f f e r e n t ponds. Thermograph and Meteorological S t a t i o n data 
suggest, however, t h a t eggs i n highland ponds are p a r t i c u l a r l y s u b j e c t t o low 
temperatures. 
Several authors have estimated the minimum temperature f o r the 
normal development of R. temporaria eggs (Table 18), which appears t o be 
between 4° and 5°C i n most cases. Douglas (1948) reported t h a t E n g l i s h 
embryos could develop f o r some time a t 3.3°C, and were able t o t o l e r a t e a t 
l e a s t 12 hours a t 0°C. During 1975 the eggs i n Moor House pond (42) were 
subjected t o temperatures below 3.3°C f o r a continuous p e r i o d o f 103 hours, 
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Table 7. Mean maximum and minimum d a i l y a i r temperatures recorded 
d u r i n g March a t a lowland s i t e (Durham Meteorological S t a t i o n , 
a l t i t u d e 102m), and during A p r i l a t a highland s i t e (Moor 
House Meteorological S t a t i o n , a l t i t u d e 561m), over a 10 year 
p e r i o d . Absolute maximum temperatures are also shown 
4 (Max + Min) Mean Max Mean Min Absolute Max 
Year <°C) (°C) (° C) (°c> 
Durham M. House Durham M.House Durham M.House Durham M.Hous 
(March) ( A p r i l ) 
1975 4.1 3.8 7.6 7.1 0.6 0.5 10.7 16.0 
1974 4.6 3.5 7.7 8.9 1.6 -1.9 13.2 14.8 
1973 6.5 2.0 10.7 5.4 2.3 -1.4 17.2* 12.9 
1972 5.3 3.8 8.8 7.2 1.9 0.4 15.5 10.6 
1971 5.0 3.5 8.2 7.3 1.8 -0. 2 11.4 14.7 
1970 3.2 1.3 7.4 3.9 -0.9 -1.2 12. 8 10.0 
1969 2.1 2.2 4.9 5.9 -0.6 -1.5 11.7 14.4 
1968 6.2 3.7 9.9 7.9 2.2 -0.6 17.2* 13.9 
1967 6.5 3.5 9.6 6.9 3.4 0.1 14.4 17.2* 
1966 6.2 1.5 10.2 3.6 2.1 -0.7 13.9 -
Mean 5.0 2.9 8.5 6.4 1.4 -0.7 
The d i f f e r e n c e i n mean d a i l y a i r temperatures - 1 S.E., between Durham and 
Moor House, by the method of p a i r e d comparisons: 
h (Max + Min) = 2. 1 - 0.51, t = 4. 11, d.f. = 9, P < 0.01 
Mean Max 2. 1 - 0.80, t = 2. 61, d.f. = 9, P < 0.05 
Mean Min 2. 1 - 0.42, t = 4. 96, d.f. = 9, P < 0.0O1 
*The maximum a i r temperature recorded during March at Durham and 
A p r i l a t Moor House was 17.2°C. 
and temperatures below 0.5°C f o r 36 hours. These data recorded a t Moor 
House d u r i n g A p r i l 1975 were not a t y p i c a l , i n f a c t the A p r i l of 1975 was 
one o f the warmest recorded at Moor House i n a decade (Table 7) . I t was 
not uncommon f o r the eggs on top o f a spawn mass t o be frozen and when these 
eggs were r e t u r n e d t o the l a b o r a t o r y and c u l t u r e d a t 10°C they f a i l e d t o 
develop. 
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The maximum temperature f o r the normal development of English 
R. temporaria embryos was estimated by Douglas (1948) t o be between 24° 
and 25°C. The March and A p r i l r , i c \ x , a i r temperatures a t Durham and Moor 
House r e s p e c t i v e l y have never exceeded 17.2°C over the l a s t ten years 
(Table 7 ) , so the l i k e l i h o o d of pond temperatures i n northern England 
exceeding the maximum developmental temperature seems remote. 
Low environmental temperature seems t o be a s e l e c t i v e f o r c e 
a c t i n g on the eggs of northern f r o g s , p a r t i c u l a r l y those i n highland ponds. 
The p o s s i b i l i t y t h a t Common Frogs have adapted i n response t o t h i s pressure 
was i n v e s t i g a t e d and the r e s u l t s discussed i n the f o l l o w i n g chapters. 
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CHAPTER 4 
Emergence from H i b e r n a t i o n and Spawning 
4.1 I n t r o d u c t i o n 
Considerable evidence suggests t h a t temperature plays a dominant 
r o l e i n the r e g u l a t i o n of Anuran rep r o d u c t i v e c y c l e s . The breeding season 
i s o f t e n delayed i n populations from more northern l a t i t u d e s or higher 
a l t i t u d e s . Rana sylvatica, f o r example, breeds i n January and February i n 
the southern s t a t e s of America (Martof and Humphries, 1959), but spawning 
i s delayed u n t i l l a t e A p r i l and May i n Alaska, and June i n some p a r t s of 
Canada (Herreid and Kinney, 1967). Breeding i n R. temporaria can take 
place from January i n B r i t t a n y (Juszczyk and Zamachowski, 1965) u n t i l the 
end of May i n F i n l a n d (Koskela, 1973) , and as l a t e as J u l y i n the Alps a t 
an a l t i t u d e of 2,231m (Terentiev, 1950). At high e l e v a t i o n s i n the S i e r r a -
Nevada of c e n t r a l C a l i f o r n i a (2,200 t o 2,612m), the breeding season of Hyla 
regilla extends i n t o the middle of J u l y (Livezey, 1953), while the breeding 
season a t lower e l e v a t i o n s normally ends i n mid-May. 
The e x t e r n a l t r i g g e r f o r breeding a c t i v i t y i n the Amphibia may be 
a complex i n t e r a c t i o n i n v o l v i n g a number of f a c t o r s , but temperature and 
r a i n f a l l appear to be o f p a r t i c u l a r importance ( G a l l i e n , 1959). Balinsky 
(1969), f o r example, found a h i g h l y s i g n i f i c a n t c o r r e l a t i o n between spawning 
and r a i n f a l l i n most of the twelve species of frogs and toads studied near 
Johannesburg. The emergence of the A u s t r a l i a n Burrowing Frog, Limnodynastes 
dorsalis depends on both s o i l moisture and temperature ( M a r t i n , 1969). I t 
was discovered t h a t as long as the s o i l moisture reached some c r i t i c a l but 
undetermined l e v e l , the exact time of emergence depended on the s o i l 
o 
temperature exceeding 12.5 C. I t was shown by Heusser (1968) t h a t r a i n f a l l , 
temperature and t w i l i g h t acted complementary t o i n t e r n a l f a c t o r s i n 
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i n i t i a t i n g m i g r a t i o n i n the Common Toad, Dufo bufu. The emergence of 
the C r i c k e t Frog, Acris crepitans, and the Green Frog, Rana clamitans, 
i s associated w i t h the attainment of a minimum a i r temperature of 10°C 
(Brenner, 1969), and spawning i n Rana aurora occurs when the water 
o 
temperature r i s e s above about 7 C ( L i c h t , 1969) . Temperature also appears 
t o be in v o l v e d i n the onset of breeding i n the A u s t r a l i a n Burrowing Frog, 
Pseudophryne corroboree ( P e n g i l l e y , 1973). 
The present study was p a r t i c u l a r l y concerned w i t h emergence from 
h i b e r n a t i o n and spawning i n R. temporaria. The gonads of the Common Frog 
develop during h i b e r n a t i o n and are capable of producing gametes very e a r l y 
i n the s p r i n g , i f the r i g h t stimulus i s provided. I t has been f i r m l y 
e s t a b l i s h e d t h a t the c o n d i t i o n of the gonads i n Amphibia i s c o n t r o l l e d by 
gonadotrophins, secreted by the a n t e r i o r lobe o f the p i t u i t a r y (van Oordt 
and van Oordt, 1955; Smith, 1955) . Thus R. temporaria can be induced t o 
breed e a r l i e r than normal by the a d m i n i s t r a t i o n of a n t e r i o r p i t u i t a r y 
substances or gonadotrophic hormones. I n a ser i e s of experiments van Oordt 
(1956) showed t h a t gonadotrophic hormone s e c r e t i o n was determined by 
environmental temperature, the secretory a c t i v i t y being low when the 
temperature was low, and vice versa. 
There i s some evidence t o suggest t h a t the stimulus causing f r o g s 
t o emerge from h i b e r n a t i o n i s d i f f e r e n t from the stimulus t h a t i n i t i a t e s 
breeding. I n some years, f o r example, Common Frogs breed as soon as they 
a r r i v e a t the pond, but i n other years frogs are found i n the ponds several 
weeks before they breed (Savage, 1961). I n England there i s o f t e n a lengthy 
delay between emergence and spawning i n the Edible Frog, Rana esculenta, and 
the Marsh Frog, Rana ridibunda (Smith, 1969). 
The t i m i n g of emergence i n the Common Frog was thought by Juszczyk 
and Zamachowski (1965) t o depend on a temperature-independent ' p h y s i o l o g i c a l 
c l o c k ' . R. temporaria from Poland were kept i n aquaria c o n t a i n i n g tap water, 
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from 1 November to the mic'dle of March, The temperature of the water was 
o o 
maintained between 0 and 1 C by p l a c i n g the a q u a r i a i n a r e f r i g e r a t o r , the 
i n t e r i o r of which was completely dark. During t h i s p e r i o d the fr o g s 
remained m o t i o n l e s s and gave the impr e s s i o n of being dead. I n the middle 
of March t h e i r behaviour suddenly changed, they became a c t i v e and r e a c t e d 
v i o l e n t l y to weak s t i m u l i such as l i g h t or n o i s e . Some p a i r s went i n t o 
amplexus even though the temperature remained between 0° and 1°C. Heusser 
and O t t (1968) found t h a t m i g r a t i o n i n the Common Toad,Bufo bufo, was under 
the c o n t r o l of an i n t r i n s i c temperature-independent rhythm, which acted i n 
co n j u n c t i o n w i t h e x t r i n s i c f a c t o r s , temperature and r a i n f a l l . The s e t time 
f o r m i g r a t i o n was s p e c i f i c a l l y determined by belonging to a c e r t a i n 
p o p u l a t i o n . When two d i f f e r e n t toad p o p u l a t i o n s were h i b e r n a t i n g i n the 
same a r e a , those toads belonging to the c o o l e r pond migrated l a t e r than 
the p o p u l a t i o n belonging to the warmer pond. 
Low temperatures can delay o v u l a t i o n and spermatogenesis i n the 
Common Frog, presumably by r e t a r d i n g the s e c r e t i o n of gonadotrophins from 
the p i t u i t a r y gland. J u s z c z y k and Zamachowski (1965) observed t h a t female 
f r o g s kept a t temperatures between 1° and 3°C during h i b e r n a t i o n o v u l a t e d a t 
the end of March and the beginning of A p r i l , the same time as females i n the 
w i l d . Frogs kept a t temperatures between 0° and 1°C, however, d i d not 
o 
o v u l a t e u n t i l the middle of A p r i l when the water temperature rose from 1 
to 2°C. Experimental males which had been kept a t temperatures below 5°C 
during h i b e r n a t i o n were found to have no spermatozoa i n the seminal v e s i c l e s 
or bladder when they were examined during the breeding season. As soon as 
these males were exposed f o r even a few hours to a water temperature of 
approximately 10°C, they accumulated l a r g e q u a n t i t i e s of mature spermatozoa. 
Spawning i n R. temporaria can be t r i g g e r e d by a r i s e i n temperature. 
I n the experiments conducted by J u s z c z y k and Zamachowski (1965), p a i r i n g and 
c a l l i n g i n the males occurred when the water temperature rose to 7°C, and 
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spawning o c c u r r e d when the temperature of the water reached 11 to 15 C. 
S i m i l a r l y , Smith (1969) observed t h a t f r o g s caught i n Cornwall and brought 
back to London l a b o r a t o r i e s i n January would spawn almost a t once i n a warm 
tank, w h i l e o t h e r s i n an a d j a c e n t tank under c o n d i t i o n s i d e n t i c a l save f o r 
c o l d e r water would not. A l l i s o n (1956) has shown, however, t h a t R. 
temporaria w i l l s t i l l spawn even when kept a t a c o n s i s t e n t l y low temperature. 
A group of Common Frogs from England were kept i n a r e f r i g e r a t o r a t 3.3°C 
from l a t e September onwards. Spawning took p l a c e from the middle of May 
u n t i l e a r l y J u l y i n s p i t e of the low water temperature. T h i s suggests t h a t 
spawning can be delayed by low temperatures, but not prevented. 
Savage (1961) found t h a t the date of spawning i n R. temporaria 
was s i g n i f i c a n t l y c o r r e l a t e d with temperature and r a i n f a l l s e v e r a l months 
before spawning. He concluded t h a t spawning was c o n t r o l l e d by s p e c i f i c 
o l f a c t o r y s t i m u l i provided by c e r t a i n chemical products of the a l g a l f l o r a 
i n the ponds. I n experiments with Xenopus laevis (Savage, 1965, 1971) 
i t was e s t a b l i s h e d t h a t a water s o l u b l e substance a s s o c i a t e d with the algae, 
probably an a l g a l m e t a b o l i t e , t r i g g e r e d spawning. There i s no d i r e c t 
evidence, however, to suggest t h a t a l g a l m e t a b o l i t e s t r i g g e r spawning i n 
Common Frogs under n a t u r a l c o n d i t i o n s , and Common Frogs kept i n the l a b o r a t o r y 
w i l l spawn i n tap water w i t h l i t t l e or no v a r i a t i o n i n a l g a l m e t a b o l i t e s 
( A l l i s o n , 1956). 
Research i n the p r e s e n t study c e n t r e d on the e f f e c t of temperature 
on the emergence from h i b e r n a t i o n and spawning of Common Frogs from northern 
England. 
4.2 Methods 
Ponds i n the Wear V a l l e y , ranging i n a l t i t u d e from 46 to 838m, 
were v i s i t e d r e g u l a r l y during the e a r l y s p r i n g of 1974, 1975, 1976 and 1977, 
a r e c o r d being taken of the f i r s t appearance of spawn i n each pond. Pond 
and s o i l temperatures were measured by the methods o u t l i n e d i n Chapter 3. 
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4.3 R e s u l t s 
I n the four y e a r s of study, spawning was always l a t e r a t higher 
a l t i t u d e s . The d i f f e r e n c e between y e a r s was examined s t a t i s t i c a l l y i n 
Table 8. I n g e n e r a l , t h e r e was l i t t l e annual v a r i a t i o n i n the date of 
spawning, only i n 1974 was the date of spawning s i g n i f i c a n t l y d i f f e r e n t 
from other y e a r s . T h i s c o n s i s t e n c y o c c u r r e d i n s p i t e of f a i r l y l a r g e 
annual d i f f e r e n c e s i n temperature, s e v e r a l months before spawning (Table 9 ) . 
Each pond appears to have i t s own c h a r a c t e r i s t i c spawning p e r i o d . 
Spawning i n pond ( 7 ) , f o r example, was always much l a t e r than would have 
been p r e d i c t e d from the a l t i t u d e of the pond ( F i g . 7 ) , or the temperature 
of i t s e n v i r o n s ( F i g . 8 ) . S i m i l a r l y , spawning i n pond (15) was always 
e a r l i e r than expected. 
I t i s the lower w i n t e r temperatures a t higher a l t i t u d e s , 
presumably, t h a t cause the delay i n spawning (Table 1 0 ) . The date of 
spawning i n days a f t e r 1 January 1975 (y_) was r e l a t e d to the s o i l temperature 
i n degrees C e l s i u s , between 9 November 1974 and 1 March 1975 (x_) by the 
f o l l o w i n g r e l a t i o n s h i p : y = -17.6(-3.25)x + 141.7. The c o e f f i c i e n t of 
c o r r e l a t i o n of r e g r e s s i o n , r = -0.82, was s i g n i f i c a n t l y d i f f e r e n t from zero, 
t = 5.40, d.f. = 14, P < 0.001 ( F i g . 8 ) . 
Temperature o b v i o u s l y has an e f f e c t , but i t i s d i f f i c u l t to 
imagine how i t c o u l d a c t as an a c c u r a t e t r i g g e r f o r synchronous emergence 
and spawning. Frogs h i b e r n a t e i n a multitude of d i f f e r e n t h i b e r n a c u l a e 
a l l a t d i f f e r e n t temperatures. To g i v e some i n d i c a t i o n of the v a r i a t i o n 
i n temperature a p o p u l a t i o n of h i b e r n a t i n g f r o g s might experience, 'sucrose' 
tubes were b u r i e d i n the s o i l a t a depth of 5cm, and l e f t t h e r e from 1 
November 1974 to 15 A p r i l 1975. They were arranged i n four l i n e s r a d i a t i n g 
north, south, e a s t and west from a pond on the Moor House Nature Reserve. 
There were four tubes i n each l i n e , 50m a p a r t . A d i f f e r e n c e of 145 day-
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Table 8. The date of spanning i n 14 d i f f e r e n t ponds ranging i n a l t i t u d e 
from 61 to 830m, over a four year p e r i o d . The spawn date i s 
expressed as the number of days from the f i r s t of January 
Pond No. Pond a l t i t u d e Spawn Date 
(m) 1974 1975 1976 1977 
2 61 64 62 63 63 
7 122 86 82 87 72 
15 183 59 62 63 63 
18 244 72 70 79 72 
20 335 78 77 93 72 
22 335 72 85 79 79 
25 373 74 85 87 79 
27 411 78 66 87 79 
32 488 89 97 97 83 
37 511 89 97 97 87 
40 518 86 107 104 107 
46 602 92 107 100 107 
52 617 89 107 104 107 
55 838 101 114 110 114 
The mean d i f f e r e n c e - 1 S.E. between the spawn dates i n four s u c c e s s i v e 
y e a r s , and the v a l u e s of ' t ' computed by the method of p a i r e d comparisons 
are shown below (each v a l u e of ' t ' has 13 degrees of freedom): 
1974 
1974 1977 
3.93 - 2.68, 
t = 1.47, 
P > 0.05 
i n s i g n i f i c a n t 
1977 
1975 
1975 
6.36 - 2.56, 
t = 2.49, 
P < 0.05 
s i g n i f i c a n t 
2.43 - 1.79, 
t = 1.35, 
P > 0.05 
i n s i g n i f i c a n t 
1976 
8.64 - 1.42, 
t = 6.08, 
P < O.OOl 
s i g n i f i c a n t 
4.71 - 2.24, 
t = 2.12, 
P > 0.05 
i n s i g n i f i c a n t 
2.29 - 2.17, 
t = 1.06, 
P > 0.05 
i n s i g n i f i c a n t 
1976 
115 / 
1974 1975 
95 
• pond 7 
75 
LU •15 
• pond 15 
I I I I I I I I I I 55 
1976 1977 
i f ) 
mm 
95 
/ 75 
• 15 
I I I I I I I I I I 55 
500 1000 500 1000 
ALTITUDE m 
95 
LU 
75 
to '76 
'74 
'75 
'77 
55 
0 400 800 
A L T I T U D E , m 
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Table 9. Mean d a i l y a i r temperature recorded i n four s u c c e s s i v e y e a r s 
from the beginning of January to the end of February a t the 
Durham Me t e o r o l o g i c a l S t a t i o n ( a l t i t u d e 192m) and from the 
beginning of January to the end of March a t the Moor House 
Me t e o r o l o g i c a l S t a t i o n ( a l t i t u d e 558m) 
Temperature ( C) 
1974 1975 1976 1977 
Moor House 1.6 1.4 0.7 0.1 
Durham 4.7 4.6 4.4 2.7 
Mean 3.2 3.0 2.6 1.4 
Table 10. The date of spawning i n 16 d i f f e r e n t ponds ranging i n a l t i t u d e 
from 61 to 838m i n r e l a t i o n to mean s o i l temperatures measured 
between 9 November 1974 and 1 March 1975. Temperatures 3m away 
from each of the 16 ponds were measured u s i n g 'sucrose' tubes 
b u r i e d i n the s o i l a t a depth of 5cm 
Pond no. Pond a l t i t u d e I n t e g r a t e d s o i l temperature Spawn date 
(m) <°c> (Days a f t e r 1 
15 183 3.7 62 
2 61 4.2 62 
24 335 3.4 66 
27 411 3.6 66 
18 244 4.4 70 
20 335 3.7 77 
7 122 4.1 82 
26 373 2.9 82 
42 556 2.8 90 
32 488 2.8 97 
37 511 3.1 97 
30 457 2.9 107 
40 518 2.9 107 
46 602 2.3 107 
52 617 1.8 107 
55 838 1.2 114 
120 
110 
100 
w 90 
pond 7 
80 
70 
pond 15 
60 
1 
T E M P E R A T U R E ° C 
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degrees was found between two tubes only 150m ap a r t (Table 1 1 ) , which 
suggests t h a t a temperature-dependent 'clock' running f o r the f u l l p e r i o d 
of h i b e r n a t i o n would not be a c c u r a t e enough to give the synchronised 
emergence and spawning observed i n nature. A temperature-dependent 'clock', 
however, may be s u f f i c i e n t l y a c c u r a t e over a s h o r t e r time p e r i o d . 
Table 11. Mean s o i l temperatures measured w i t h 'sucrose' tubes between 
lO November 1974 and 15 A p r i l 1975 (156 d a y s ) , expressed as 
the number of day-degrees. The tubes were 50m a p a r t 
North 
435 
441* 
370 
353 
West 423 307 365 329 329 357 356 395 312 E a s t 
317 
296* 
339 
353 
South 
•Maximum d i f f e r e n c e = 145 day-degrees 
P r i o r to spawning, maximum and minimum temperatures were 
measured i n s i x d i f f e r e n t ponds (Table 1 2 ) . Spawning tended to occur 
when the maximum pond temperature was g r e a t e r than 7°C, but eggs were l a i d 
i n a pond i n which the maximum temperature one week before spawning was 
3.1°C. 
27 
0) •p 
rU 
-o 
0) 
•p 
•H 
•P 
i n 
CXl 
& 
rd 
M 
o> 
S 
o 
(V 
•U 
C 
•P 
f O 
0> 
M 
3 
01 
(0 
0) 
a 
B 
u 
o 
CO 
v< 
3 
•U 
rd n a) 
& 
0> 
•P 
•a c 
o 
a . 
s 
0 
C 
Cn .c C •P •H 
cj 0) 
rd 
rd 
O.- -a 
w a) 
w 
>w w 
0 
52
re
 
0> 
tn 
C •H 
-d 
nl 
a> 
n 
0) 
-P 
0) 
B 
0 
6 C 
d) 
•P 
. C 
o 
rd 
01 
M-l 
O 
a) +J 
rd 
Q 
O 
CTi 
O en 
m 
co 
r--
(N 
O 
vo 
vo 
vo 
CN 
O 
VD 
i n 
* 
i n 
vO 
m 
i n 
O 
* 
O 
r- I - I o • • • 
m i co 
rH O 
ro in 
O 
i n 
co o> 
m 
vo 
i i i 
* * VD r -
CO CO 1 
i n i n 
• • • CO CO ID 
i n 
i i 
vO 
in 
CNJ vo 
• • • • 
m i n CO 
co 
i i 
t i 
oo 
-a c 
o 
ft 
A 
v 
(0 
ai 
a 
cn c 
rd 
in 
m 
0 
01 4J 
rd 
Q 
•9 
Eh 
O 
2 
-a a 
o 
en 
o 
CN 
n 
ro 
CN 
28 
4.4 D i s c u s s i o n 
I n n e a r l y every case spawning followed immediately a f t e r 
emergence from h i b e r n a t i o n and migration, which suggests t h a t when frogs 
reach the pond they are p h y s i o l o g i c a l l y r i p e , and t h a t any c o n d i t i o n s 
n e c e s s a r y i n the pond f o r spawning a l r e a d y p r e v a i l . J u s z c z y k and 
Zamachowski (1965) found t h a t breeding i n Common Frogs from Poland began 
when the water temperature reached 7°C, and spawning commenced between 
o o 
11 and 15 C, whereas spawning i n E n g l i s h Common Frogs w i l l take p l a c e a t 
3.3°C ( A l l i s o n , 1 9 5 6 ) . I n the p r e s e n t study, spawning was found to occur 
i n the f i e l d when maximum pond temperatures were above 7°C, but eggs were 
l a i d i n one pond where the maximum temperature one week before spawning 
was 3 .1°C. The minimum temperature r e q u i r e d f o r spawning i s unknown and 
may w e l l vary i n d i f f e r e n t p o p u l a t i o n s . 
There was a p o s i t i v e c o r r e l a t i o n between the date of spawning 
and pond a l t i t u d e i n each of the four y e a r s of study. The date of spawning 
i n i n d i v i d u a l ponds, however, was f a i r l y c o n s i s t e n t from year to y e a r , and 
appeared to be l i t t l e a f f e c t e d by the temperature s e v e r a l months before 
spawning. V a r i a t i o n i n the date of spawning between ponds i s a r e f l e c t i o n 
of the d i f f e r e n t emergence times of v a r i o u s breeding p o p u l a t i o n s . I t i s 
not known which f a c t o r o r group of f a c t o r s t r i g g e r emergence i n nature. 
The l a b o r a t o r y experiments of J u s z c z y k and Zamachowski (1965) suggest t h a t 
awakening from h i b e r n a t i o n i n R. temporaria occurs independently of 
environmental s t i m u l i , and appears to depend on an i n t r i n s i c temperature-
independent rhythm. An e f f e c t i v e t e s t o f t h i s h y pothesis would be to 
t r a n s f e r h i ghland frogs to a lowland l o c a t i o n and vice versa, and observe 
the e f f e c t on the date of spawning. A s e r i e s of breeding experiments 
between h i g h l a n d and lowland p o p u l a t i o n s would e s t a b l i s h the degree to 
which the timing of the rhythm was under g e n e t i c c o n t r o l . 
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CHAPTER 5 
The Rate of Development of Rana temporaria temporaria Embryos from 
d i f f e r e n t L a t i t u d e s and A l t i t u d e s i n r e l a t i o n to temperature 
5.1 Intr o d u c t i o n 
A l a r g e l i t e r a t u r e e x i s t s on the p h y s i o l o g i c a l d i f f e r e n c e s i n 
animal and p l a n t p o p u l a t i o n s from d i f f e r e n t c l i m a t i c a r e a s . For reviews 
of the l i t e r a t u r e see P r o s s e r (1955), B u l l o c k (1955), F r y (1958), Vernberg 
(1962) and P r e c h t et al. (1973). S e v e r a l animal s t u d i e s have shown t h a t 
v a r i a t i o n i n the r a t e of embryonic development can occur i n p o p u l a t i o n s 
breeding a t d i f f e r e n t environmental temperatures. Runnstrom (1936) and 
Fox (1938) produced evidence of p h y s i o l o g i c a l r a c e s with r e s p e c t to the 
r a t e of embryonic development, i n t u n i c a t e and echinoderm embryos from 
d i f f e r e n t c l i m a t i c a r e a s . 
Some amphibian s p e c i e s have adapted t h e i r embryonic development 
r a t e to a c l i m a t i c g r a d i e n t . Moore (1943, 1949a) and Volpe (1954) s t u d i e d 
p o p u l a t i o n s of Rana pipiens from d i f f e r e n t l a t i t u d e s . Embryos developing 
i n c o o l e r northern waters were found to develop f a s t e r a t low temperatures 
than embryos from a southern p o p u l a t i o n , which u s u a l l y develop i n warmer 
waters. The l a t t e r were found to develop r e l a t i v e l y f a s t e r than the former 
a t higher temperatures. R u i b a l (1955) found v a r i a t i o n i n the r a t e of 
embryonic development w i t h temperature i n R. pipiens embryos from d i f f e r e n t 
a l t i t u d e s i n Mexico. The embryos from the highland l o c a t i o n ( a l t i t u d e 3,OOOrrO 
developed slower a t a l l the temperatures s t u d i e d than embryos from the lowland 
l o c a t i o n ( a l t i t u d e 350m). Highland embryos were 33 per c e n t slower a t 
27.8°C and 18 per c e n t slower a t 12.6°C. The temperature i n the h i g h l a n d 
r e g i o n was about 13°C lower throughout the year, so one might have expected 
highland embryos to have developed f a s t e r than lowland embryos a t low 
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temperatures i n the same way as northern R. pipiens embryos develop f a s t e r 
than southern R. pipiens embryos a t low temperatures. R u i b a l found that i n 
the h i g h l a n d regions of Mexico only a few s p e c i e s occur i n the same breeding 
ponds as R. pipiens i n c o n t r a s t to lowland r e g i o n s where many s p e c i e s were 
found together. He suggested t h a t a f a s t e r r a t e o f development w i t h r e s p e c t 
to temperature had evolved i n lowland embryos because i t shortened the p e r i o d 
of time t h a t the embryos were exposed to i n t e n s e i n t e r s p e c i f i c (and p o s s i b l y 
i n t r a s p e c i f i c ) competition i n the breeding ponds. Presumably t h i s s p e c i e s 
has become wi d e l y d i s t r i b u t e d , p a r t l y because i t has been a b l e to adapt the 
r a t e of embryonic development to d i f f e r e n t environmental c o n d i t i o n s . Other 
amphibian s p e c i e s appear to be l e s s adaptable. Moore (1942) and Volpe 
(1957a) found no s i g n i f i c a n t d i f f e r e n c e i n the r a t e of embryonic development 
wi t h temperature i n g e o g r a p h i c a l l y s e p a r a t e d populations of Rana catesbeiana 
or Bufo valliceps. The i n a b i l i t y of these two s p e c i e s to adapt t h e i r 
embryonic development r a t e presumably accounts to some e x t e n t f o r t h e i r 
c o m p a r a t i v e l y r e s t r i c t e d d i s t r i b u t i o n . P e t t u s and Angleton (1967) found 
no s i g n i f i c a n t d i f f e r e n c e i n the r a t e of embryonic development over the 
o o 
temperature range 16 to 32 C i n two populations of the Chorus Frog, 
Pseudacris triseriata, from a l t i t u d e s of 1,524m and 2,835m i n northern 
Colorado. They used hatching as the experimental end-point, however, 
which cannot be regarded as a d e f i n i t e developmental stage because the stage 
a t which ha t c h i n g takes p l a c e d i f f e r s w i t h temperature (Grainger, 1959). 
R. temporaria has a wide d i s t r i b u t i o n , being found over the g r e a t e r 
p a r t of Europe and p a l e a r c t i c A s i a , so one might expect to f i n d a d a p t i v e 
v a r i a t i o n i n the r a t e of embryonic development i n p o p u l a t i o n s breeding a t 
d i f f e r e n t temperatures. The r a t e of development of R. temporaria embryos 
from northern England was measured a t v a r i o u s c o n s t a n t temperatures and the 
r e s u l t s were compared with s i m i l a r s t u d i e s on R. temporaria from Europe and 
Japan. I n northern England R. temporaria breed i n ponds i n the comparatively 
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equable lowland r e g i o n s as w e l l as i n the c o l d e r high moorland ponds of 
the n o rthern Pennines. The r a t e of development with temperature was 
measured using embryos from both a r e a s to see i f a d a p t a t i o n to l o c a l 
c l i m a t i c c o n d i t i o n s had o c c u r r e d . 
5.2 Methods 
Adul t R. temporaria from northern England were caught i n the 
breeding ponds i n e a r l y s p r i n g , j u s t p r i o r to spawning. They were 
t r a n s p o r t e d to the l a b o r a t o r y and s t o r e d i n a c o l d room a t 1°C u n t i l 
r e q u i r e d . F e r t i l e eggs were obtained by s t r i p p i n g the eggs from g r a v i d 
females i n t o a sperm suspension, which was produced by c r u s h i n g the t e s t e s 
of a male frog i n 10 to 15ml of pond water. For d e t a i l s , see Rugh (1934). 
The eggs were c u l t u r e d i n perspex c o n t a i n e r s , d i v i d e d i n t o 20 compartments, 
6 x 10 x 12cm, which kept batches of eggs separated but allowed the f r e e 
c i r c u l a t i o n of water. The tap water i n the c o n t a i n e r s was c o n t i n u o u s l y 
a e r a t e d and s t i r r e d , and had been allowed to stand i n s u n l i g h t f o r s e v e r a l 
days to remove the c h l o r i n e . Constant temperatures were maintained i n 
the c o n t a i n e r s with a v a r i a t i o n of l e s s than 0.1°C by p l a c i n g them i n 
c o n s t a n t temperature rooms about 1°C below the temperature r e q u i r e d , and 
r a i s i n g and c o n t r o l l i n g the temperature by means of a 500 watt immersion 
h e a t e r c o n t r o l l e d by a 'Jumo' e l e c t r i c a l c o n t a c t thermometer (Gallenkamp Ltd) 
and a Type F102-4 hot wire vacuum s w i t c h r e l a y (Sunvic C o n t r o l s L t d ) . T h i s 
method allowed batches of eggs from d i f f e r e n t females to be kept a t the same 
temperature and oxygen c o n c e n t r a t i o n . 
The s t a r t i n g - p o i n t of the experiments was when the furrow of the 
f i r s t d i v i s i o n of the eggs became v i s i b l e (stage 3 , P o l l i s t e r and Moore, 
1 9 3 7 ). The end-point of the experiments was when 50 per c e n t of the 
embryos had c i r c u l a t i o n through the g i l l s (stage 20, P o l l i s t e r and Moore, 
1937 ), the same end-point as t h a t used by Douglas (1948), Moore (1949a), 
32 
Volpe (1953, 1954, 1955, 1957a and 1957b), R u i b a l (1955, 1962), 
Kobayashi (1962), Z w e i f e l (1968) and Kozlowska (1971). 
Table 13 i s an example of r e s u l t s taken to c a l c u l a t e the end-
p o i n t of an experiment. The embryos were examined m i c r o s c o p i c a l l y a t 
i n t e r v a l s near the end-point, and the percentage of embryos with c o r p u s c l e s 
c i r c u l a t i n g through the g i l l s was noted. The time a t which 50 per c e n t of 
the embryos had g i l l c i r c u l a t i o n was taken from a curve s i m i l a r to t h a t 
drawn i n F i g . 9. 
Table 13. The percentage of embryos with g i l l c i r c u l a t i o n a t d i f f e r e n t 
time i n t e r v a l s ; the sample was based on 20 eggs, kept a t 16°C. 
A l l the eggs were from the same female 
Time % of embryos w i t h 
(hours) g i l l c i r c u l a t i o n 
101.8 0 
102.8 5 
103.3 10 
103.8 15 
104.8 40 
105.3 55 
105.8 65 
106.3 70 
107.3 80 
107.8 85 
5.3 R e s u l t s 
(a) A comparison of the rate-temperature c u rves of R. temporaria 
embryos from northern England, France/Belgium and Japan. 
The time taken by 50 per cent of the f r o g embryos from northern 
England to develop from stage 3 to stage 20 a t 6°, 8°, 10°, 15°, 16° and 
20°C was recorded i n Table 14. These data were used to produce the r a t e -
temperature curve i n F i g . 10, which c o u l d be compared with those produced 
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f o r R. temporaria by Moore (1951) and Kobayashi (1962), Moore obtained 
h i s specimens from the Vosges d i s t r i c t of e a s t e r n France and Louvaine i n 
Belgium. Kobayashi caught h i s f r o g s i n the suburbs of Sapporo, 
Hokkaido I s l a n d , Japan. 
The r e l a t i o n s h i p between embryonic development r a t e and 
temperature was c u r v i l i n e a r , but over the temperature range 8° to 25°C 
the r e l a t i o n s h i p c ould be adequately d e s c r i b e d by a s t r a i g h t l i n e : 
For E n g l i s h embryos, y = 0.91(^0.02)x - 4.87 ( r e s u l t s from the p r e s e n t study) 
(r = +0.999, t = 38.71, d.f. = 3, P < O.OOl) 
For F r e n c h / B e l g i a n 
embryos, y = 0.94(-0.05)x - 5.57 ( c a l c u l a t e d from Moore, 1951) 
(r = +0.996, t = 18.83, d.f. = 3, P < O.OOl) 
For Japanese 
embryos, y = 0.72(-0.02)x - 4.04 ( c a l c u l a t e d from Kobayashi, 1962) 
(r = +0.999, t = 37.79, d.f. = 2, P < 0.001) 
where (y_) i s the r a t e of development and (xj i s the developmental 
temperature i n degrees C e l s i u s . A l l of the r e g r e s s i o n c o e f f i c i e n t s were 
s i g n i f i c a n t l y d i f f e r e n t from zero. The s l o p e s of these curves were 
compared s t a t i s t i c a l l y i n Table 15. The slope of the E n g l i s h r a t e -
temperature curve was not s i g n i f i c a n t l y d i f f e r e n t from the slope of the 
F r e n c h / B e l g i a n curve ( t = 0.56, d.f. = 4, P < 0.05). The s l o p e s of these 
two c u r v e s , however, were both s i g n i f i c a n t l y l a r g e r than the slope of the 
curve f o r Japanese embryos ( t = 6.71, d.f. = 5, P < 0 . 0 0 2 ) ( t = 4.08, 
d.f. = 4, P < 0.02). 
F i g . 11 shows the percentage d i f f e r e n c e i n the r a t e of development 
between the t h r e e p o p u l a t i o n s , over the temperature range 8° to 24°C. The 
F r e n c h / B e l g i a n embryos developed a t the same r a t e as E n g l i s h embryos, a t 24°C, 
but as the temperature decreased, the F r e n c h / B e l g i a n embryos developed 
p r o g r e s s i v e l y slower, u n t i l a t 8°C they developed 21 per c e n t slower than 
+20 
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Table 15. The mean d i f f e r e n c e i n the slopes of the rate-temperature 
+ 
c u r v e s , - 1 S.E., between embryos from England, F r a n c e / 
Belgium and Japan 
England 
England 
France/Belgium 
0.03 - 0.05, 
t = 0.56, 
d.f. = 4, 
P > 0.05. 
i n s i g n i f i c a n t 
Japan 
0.19 - 0.03, 
t = 6.71, 
d.f. = 5 
P* < 0.002. 
s i g n i f i c a n t 
France/Belgium 
0.22 - 0.05, 
t = 4.08, 
d.f. = 4, 
P < 0.02. 
s i g n i f i c a n t 
Japan 
E n g l i s h embryos. Between 24 and 12 C, Japanese embryos developed 
about 23 per cent slower than E n g l i s h embryos. Below 12°C the Japanese 
embryos developed even slower and, f o r example, a t 8°C, they were 29 per 
cent slower than E n g l i s h embryos. 
(b) The r a t e of development of lowland and highland ^. temporaria 
embryos from northern England, at 6° and 16°C. 
The time taken by lowland and highland embryos to develop from 
stage 3 to stage 20 at 6° and 16°C i s shown i n Table 16. The r a t e of 
development o f lowland embryos was s i g n i f i c a n t l y d i f f e r e n t from h i g h l a n d 
embryos a t 6° and 16°C, although the d i f f e r e n c e s were s m a l l . Compared 
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Table 16. The mean time - 1 S.E. taken by the eggs from f r o g s caught i n 
lowland and hi g h l a n d ponds to develop from e a r l y stage three 
(appearance of the furrow of the f i r s t d i v i s i o n ) to stage 20 
( i n i t i a t i o n of g i l l c i r c u l a t i o n ) . Two batches of eggs, with 
20 eggs i n each batch, were taken from each one of a t o t a l of 
30 fr o g s , and one batch from each frog was c u l t u r e d a t 6° and 
16°C. The mean a l t i t u d e - 1 S.E. of the ponds i n metres was: 
lowland ponds, 187.0 - 12.3; highland ponds, 621.2 * 20.6 
A l t i t u d e of the The mean time The mean time 
pond i n which taken to develop taken to develop 
the f rogs were from stage 3 to from stage 3 to 
caught stage 20 a t 16°C stage 20 a t 6°C 
(m) (hours) (hours) 
91 105.45 598.73 
91 105.67 610.33 
183 106.60 600.92 
183 105.85 611.25 
183 105.75 613.50 
183 103.52 617.08 
183 105.25 623.83 
Eggs from 183 106.00 618.08 
lowland frogs 183 104.58 610.17 
183 105.83 621.58 
183 103.92 587.92 
244 106.08 600.42 
244 104.35 592.42 
244 104.98 590.58 
244 104.58 592.75 
Meani 1 S.E. (187.0 - 12.3) (105.23 - 0.23) (605.97 - 3. 
556 106.42 571.50 
556 105.00 577.75 
556 105.08 583.20 
556 105.17 580.08 
602 106.40 -602 106.70 577.33 
Eggs from 602 107.27 579.58 
h i g h l a n d f r o g s 602 107.OO 577.67 
602 107.08 580.85 
617 104.75 578.OO 
617 106.83 581.92 
617 106.25 578.83 
617 105.68 575.08 
808 107.27 584.65 
808 106.62 584.57 
Mean - 1 S.E. (621.2 - 20.6) (106.23 - 0.23) (579.36 - 0. 
The d i f f e r e n c e i n mean time - 1 S.E. taken by lowland and hi g h l a n d eggs to 
develop from stage 3 to stage 20 a t 16°C i s 1.0 ± 0.32, t = 3.15, d.f. = 28, 
P < 0.01. 
The d i f f e r e n c e i n mean time - 1 S.E. taken by lowland and h i g h l a n d eggs to 
develop from stage 3 to stage 20 a t 6°C i s 26.6 ± 3.22, t = 8.26, d.f. = 17, 
P < O.OOl. 
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to highland embryos, Lhe embryos from lowland regions developed about 
one per cent f a s t e r a t 16°C, but about four per c e n t slower a t 6°C. 
5.4 D i s c u s s i o n 
V a r i a t i o n does occur i n the r a t e of development of R. 'temporaria 
embryos from d i f f e r e n t l a t i t u d e s , p a r t i c u l a r l y a t low temperatures. 
At 8°C the embryos from northern England ( l a t i t u d e 55°) developed 21 
per c e n t f a s t e r than the embryos from France and Belgium ( l a t i t u d e 45° 
o o to 52 ) and 29 per c e n t f a s t e r than the embryos from Japan ( l a t i t u d e 41 ) . 
The embryos from northern r e g i o n s , t h e r e f o r e , developed f a s t e r a t low 
temperatures than the embryos from southern r e g i o n s , a r e s u l t s i m i l a r to 
t h a t found i n R. pipiens embryos by Moore (1943) and Volpe (1954). 
I n c r e a s i n g l a t i t u d e u s u a l l y r e s u l t s i n a lower environmental temperature 
and a r e d u c t i o n i n the growing season. T h i s , presumably, has s e l e c t e d 
f o r a r a p i d r a t e of development i n northern embryos a t low temperatures. 
The taxonomic p o s i t i o n of R. t . temporaria from Hokkaido I s l a n d 
(Japan) i s somewhat c o n t r o v e r s i a l . Although R. t . temporaria from Japan 
bear a s t r i k i n g resemblance to fl. t . temporaria from Europe, except f o r 
the s m a l l e r body s i z e (Kawamura, 1962), d i f f e r e n c e s e x i s t i n the karyotype 
(Kobayashi, 1962b) and the chromosome number. 
R. t. temporaria from Europe have 26 chromosomes i n the 
spermatagonia ( W i t s c h i , 1922a, 1922b and 1924; P r o k o f i e v a , 1935, and Wickbom, 
1945), whereas R. t. temporaria from Hokkaido I s l a n d (Japan) and S a k h a l i n 
I s l a n d (U.S.S.R.) have a d i p l o i d number of 24 (Witschi e t al. 1958 and 
Kobayashi, 1962b). Japanese temporaria are a l s o completely i s o l a t e d from 
European temporaria by h y b r i d i n v i a b i l i t y (Kawamura and Kobayashi, 1960, and 
Kawamura and N i s h i o k a , 1962). R. t. temporaria from Japan are very s i m i l a r to 
R. t. chensinensis i n many r e s p e c t s (Kawamura, 1962), and Kawamura suggested 
t h a t R. t. temporaria from Hokkaido and Chinese R. t. chensinensis should be 
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p r o v i s i o n a l l y c l a s s i f i e d together as a d i s t i n c t s p e c i e s and given the 
name Rana chensinensis DAVID. The s u b s t a n t i a l d i f f e r e n c e i n the l a r v a l 
development r a t e s of R. t. temporaria from Japan and Europe tends to 
s u b s t a n t i a t e Kawamura's proposed taxonomic change. 
A s m a l l d i f f e r e n c e was found i n the r a t e of development with 
temperature of R. temporaria embryos from d i f f e r e n t a l t i t u d e s i n northern 
England. Highland embryos developed about four per cent f a s t e r a t 6°C, 
but about one per cent slower a t 16°C than lowland embryos. The v a r i a t i o n 
i n the r a t e of embryonic development i n l o c a l a l t i t u d i n a l populations o f 
R. temporaria i s f a i r l y i n s i g n i f i c a n t compared to the v a r i a t i o n found i n 
l a t i t u d i n a l p o p u l a t i o n s from Europe and Japan. A e b l i (1966) s t u d i e d the 
r a t e o f development o f R. temporaria embryos from d i f f e r e n t a l t i t u d e s i n 
the Canton of G l a r u s , S w i t z e r l a n d . He found t h a t the d u r a t i o n of 
o + o 
development from the egg to metamorphosis a t room temperature (18 C - 3 ) 
v a r i e d from two months ( i n samples from 2,00Om) to f i v e months ( i n samples 
from 400 to 600m). Such a l a r g e g e n e t i c d i f f e r e n c e seems u n l i k e l y when 
most Amphibia appear to have a r a t h e r low g e n e t i c a d a p t i b i l i t y (Bachmann, 
1969). P o l i s h R. temporaria embryos were s t u d i e d by Kozlowska (1971) from 
a l t i t u d e s of 200, 700 and l,OOOm. No s i g n i f i c a n t d i f f e r e n c e i n the 
embryonic development r a t e was found a t 13°C, but as t h i s was the only 
experimental temperature used, i t i s p o s s i b l e t h a t t h e r e could have been 
s i g n i f i c a n t d i f f e r e n c e s a t othe r temperatures. Guyetant (1969) observed 
t h a t h i g h l a n d R. temporaria embryos from an a l t i t u d e of 880m i n South-
E a s t France developed f a s t e r a t a l l the temperatures s t u d i e d when compared 
w i t h lowland embryos from a l t i t u d e s o f 230 and 550ra. 
There are s e v e r a l environmental f a c t o r s which may have s e l e c t e d 
f o r a r a p i d development r a t e a t low temperatures i n highland embryos. 
I n n o r t h e r n England spawning i s l a t e r a t higher a l t i t u d e s ( F i g . 7) and 
the ponds a r e c o l d e r during the pe r i o d of embryonic development ( F i g . 6 ) . 
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Both these f a c t o r s w i l l d e l a y metamorphosis, g i v i n g young highland frogs 
l i t t l e time to feed and accumulate energy r e s e r v e s f o r t h e i r f i r s t w i n t e r . 
A r a p i d r a t e of development w i l l tend to compensate f o r t h i s to some 
ext e n t . Spawning ponds i n highland areas were o f t e n s h a l l o w and tended 
to dry up, exposing the eggs to more extreme temperatures and d e s i c c a t i o n . 
A r a p i d r a t e of development w i l l reduce the time t h a t f r a i l immobile 
embryos are exposed to these c o n d i t i o n s . 
Volpe (1957a) thought t h a t the r a p i d development r a t e i n 
Bufo valliceps embryos was c o r r e l a t e d w i t h the l i m i t e d time p e r i o d 
a v a i l a b l e f o r l a r v a l growth i n temporary pools. S i m i l a r l y , the r a p i d 
r a t e o f development i n the embryos of Rana nigromaculata comn. r a c e was 
thought by Moriya (1960) to r e s u l t i n p a r t from breeding i n ponds which 
were l i a b l e to dry up. Kobayashi (1962) suggested t h a t the l i m i t e d water 
i n the h i g h l a n d breeding ponds of Rana temporaria ornativentris had 
s e l e c t e d f o r the r a p i d r a t e of development i n t h i s s p e c i e s . 
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CHAPTER 6 
The lower l i m i t i n g temperature f o r the normal development of Rana 
temporaria temporaria embryos from lowland and highland areas of 
northern England 
6.1 I n t r o d u c t i o n 
I t was observed by Moore (1949b) t h a t the temperature t o l e r a n c e 
of Ranid embryos from North America was c l o s e l y r e l a t e d to the temperature 
of the breeding h a b i t a t . Volpe (1953) found a s i m i l a r r e l a t i o n s h i p 
between the geo g r a p h i c a l d i s t r i b u t i o n and embryonic temperature t o l e r a n c e 
of four toad s p e c i e s from North America i n the genus Bufo. The lower 
l i m i t i n g temperature f o r the normal development of B. americanus embryos 
o 
was 10 C, s e v e r a l degrees lower than B. terrestris, B. fowleri and 
B. woodhousie which had lower l i m i t i n g temperatures of 15.3, 15.0 and 
15.3°C r e s p e c t i v e l y . T h i s c o r r e l a t e s w e l l w i t h the f a c t t h a t B. americanus 
breeds i n lower water temperatures than any of the other s p e c i e s , has the 
most e x t e n s i v e northern d i s t r i b u t i o n and i s the c h a r a c t e r i s t i c s p e c i e s of 
higher a l t i t u d e s . Kobayashi (1962) observed a s i m i l a r s i t u a t i o n among 
two s p e c i e s and one su b s p e c i e s of Japanese Brown Frog. Specimens of Rana 
japonica were caught i n the suburbs of Hiroshima where the average annual 
temperature i s 14.7°C, specimens of Rana temporaria ornativentris were 
c o l l e c t e d from mountainous d i s t r i c t s of the Hiroshima P r e f e c t u r e where the 
average annual temperature i s 10.3°C, and specimens o f Rana temporaria 
temporaria were caught i n the suburbs of Sapporo where the average annual 
temperature i s 7.6°C. At 5°C, the percentage of R. japonica, R.t. 
ornativentris and R.t. temporaria embryos t h a t developed normally was 47, 
86 and 93 per cent r e s p e c t i v e l y . The lower l i m i t i n g temperature f o r the 
normal development of these f r o g s , t h e r e f o r e , appears to be c l o s e l y r e l a t e d 
to the temperature of the breeding h a b i t a t . 
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I n t r a s p e c . i f i c adaptation of the lower l i m i t i n g temperature to 
the c l i m a t e of the breeding h a b i t a t has a l s o been observed. Moore (1949a) 
found t h a t northern populations of R. pipiens from Quebec, Vermont, 
Wisconsin and New J e r s e y were able to develop normally a t temperatures 
about 5°C lower than southern p o p u l a t i o n s from F l o r i d a , Texas and Mexico. 
I n the p r e s e n t study the lower l i m i t i n g temperatures f o r the 
normal development of lowland and highland R. temporaria embryos from 
northern England were compared. 
6.2 Methods 
Batches of 20 eggs obtained from four frogs caught i n lowland 
ponds and f i v e f r o g s caught i n h i g h l a n d ponds were c u l t u r e d i n perspex 
c o n t a i n e r s , as d e s c r i b e d i n Chapter 5, a t 1°, 3°, 4° and 5°C. The 
percentage of the embryos which developed normally to stage 20 ( i n i t i a t i o n 
of g i l l c i r c u l a t i o n ) a t each temperature was noted. 
6.3 R e s u l t s 
The percentage of normal embryos r e a c h i n g stage 20 was p l o t t e d 
a g a i n s t developmental temperature. From these curves the temperatures f o r 
50 per cent normal development were obtained (Table 17). The lower 
l i m i t i n g temperature f o r the normal development of lowland and h i g h l a n d 
embryos was found to be 3.8° and 2.8°C r e s p e c t i v e l y . The d i f f e r e n c e 
between the two samples - 1 S.E., 1.0°C - 0.41, was s i g n i f i c a n t , t = 2.42, 
d.f. = 7, P < 0.05. 
6.4 D i s c u s s i o n 
S e v e r a l authors have s t u d i e d the development of R. temporaria 
embryos a t low temperatures (Table 1 8 ) . The r e s u l t s of these e i g h t authors 
suggest t h a t the lower l i m i t i n g temperature f o r 50 per c e n t normal embryonic 
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Table 17. The mean temperature - 1 S.E. a t which 50 per cent of the 
eggs from frogs caught i n lowland ponds (mean a l t i t u d e -
1 S.E. = 152.3m - 37.5) and highland ponds (mean a l t i t u d e -
1 S.E. = 649.2m - 39.8) developed normally to stage 20 
(the i n i t i a t i o n of g i l l c i r c u l a t i o n ) . Samples of 20 eggs 
were taken from four lowland f r o g s and f i v e highland frogs 
Temperature a t 
which 50 per 
c e n t o f the eggs 
developed normally 
to stage 20 
Eggs from frogs 
caught i n 
lowland ponds 
4.1 
4.4 
3.5 
3.1 
(°C) 
Eggs from frogs 
caught i n 
highland ponds 
2.4 
3.0 
3.8 
2.4 
. 2.3 
Mean temperature - 1 S.E. 3.8 - 0.29 2.8 - 0.28 
The d i f f e r e n c e i n mean temperature - 1 S.E. at which 50 per c e n t of the 
eggs from frogs caught i n lowland and highland ponds developed normally 
to stage 20 i s 1.0 - 0.41, t = 2.42, d.f. = 7, P < 0.05. 
development can vary from about 3.3 to > 8 C i n t h i s s p e c i e s . The 
observed v a r i a t i o n may r e s u l t from adaptation to d i f f e r e n t environmental 
temperatures, but l e g i t i m a t e comparisons cannot be made due to the 
heterogeneous methods used by the d i f f e r e n t authors. I n the p r e s e n t study 
the lower l i m i t i n g temperature was found to be 3.8°C f o r lowland embryos 
and 2.8°C f o r highland embryos. The value f o r highland embryos i s 0.5°C 
lower than any of the e s t i m a t e s f o r R. temporaria quoted i n Table 18. 
Compared w i t h most of the embryos p r e v i o u s l y i n v e s t i g a t e d , the highland 
embryos used i n the p r e s e n t study were from an a r e a of high a l t i t u d e and 
l a t i t u d e , which might account f o r t h i s low v a l u e . Adaptation to the c o l d e r 
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breeding ponds a t higher a l t i t u d e s may have produced the d i f f e r e n c e i r 
the lower l i m i t i n g temperature found between lowland and highland 
embryos. 
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C H A P T E R 7 
The d i f f e r e n c e i n the body le n g t h and the number of eggs produced by 
lowland and highland female frogs 
7.1 I n t r o d u c t i o n 
Many p o i k i l o t h e r m s i n c l u d i n g s e v e r a l Amphibian s p e c i e s have been 
shown to obey Bergmann's r u l e and a r e , t h e r e f o r e , l a r g e r a t lower 
temperatures (Ray, 1960). There i s a p o s i t i v e c o r r e l a t i o n , f o r example, 
between l a t i t u d e and body s i z e i n the Leopard Frog, Rana pipiens (Moore, 
1949a). S i m i l a r l y , h i g hland specimens of the Chorus Frog, Pseudacris 
triseriata, were found to be l a r g e r than lowland specimens (Pettus and 
Angleton, 1967). There i s a l s o a t r e n d f o r Amphibia i n h a b i t i n g c o l d e r 
c l i m a t e s to produce fewer but l a r g e r eggs (Baxter, 1952 and P e t t u s and 
Angleton, 1967). The p r e s e n t r e s e a r c h was conducted to d i s c o v e r i f 
a l t i t u d i n a l p o p u l a t i o n s of R. temporaria from northern England f o l l o w 
t h e s e zoo-geographical r u l e s . 
7.2 Methods 
The body le n g t h of female f r o g s caught i n the breeding ponds 
during e a r l y s p r i n g was measured from the t i p of the snout to the vent, 
u s i n g a s t e e l r u l e graduated i n m i l l i m e t r e s . Care was taken on each 
o c c a s i o n to f u l l y s t r a i g h t e n the f r o g . 
The number of eggs produced by lowland and highland f r o g s was 
found by e s t i m a t i n g the number of eggs i n clumps of spawn deposited i n 
ponds of v a r y i n g a l t i t u d e . Female Common Frogs l a y t h e i r f u l l complement 
of eggs very r a p i d l y i n one l a r g e clump (Savage, 1961), so each clump of 
spawn i n a pond r e p r e s e n t s the t o t a l number of eggs l a i d by one female. 
When spawn i s f r e s h l y l a i d t h e r e i s no d i f f i c u l t y i n d i s t i n g u i s h i n g one 
clump of spawn from another. A g r a v i m e t r i c method was used to estimate 
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the number of eggs i n a ciump. Clumps of eggs were removed from the 
ponds u s i n g a net, the ex c e s s water being allowed to d r a i n o f f . The 
whole clump was then weighed (using a T o r b a l t o r s i o n balance a c c u r a t e to 
O.lg) and a sample of approximately lOO eggs c u t from the clump. The 
sample was then weighed and the number of eggs i n the sample counted 
e x a c t l y . The estimated number of eggs i n a clump was c a l c u l a t e d from: 
Weight of the whole clump x Number of eggs i n the sample 
Weight of the sample 
7.3 R e s u l t s 
The snout-vent length of 11 lowland and 23 highland female frogs 
was measured. To compensate f o r the s m a l l sample of lowland f r o g s , snout-
vent measurements o f 12 lowland female f r o g s caught i n the same a r e a by 
F a l c o n e r (1971) were a l s o used (Table 19). Lowland frogs were found to 
be approximately f i v e per cent logger than highland f r o g s , the d i f f e r e n c e 
+ + 
between the two samples - 1 S.E. = 3.8mm - 1.87, being s i g n i f i c a n t , t = 2.03, 
d.f. = 38, P < 0.05. 
The number of eggs i n 48 clumps l a i d i n s i x lowland ponds and i n 
50 clumps l a i d i n f i v e h i g hland ponds was estimated (Table 20). Highland 
females produced an average of 707 eggs, l e s s than h a l f the mean number of 
1,586 eggs produced by lowland females. The d i f f e r e n c e between the two 
samples - 1 S.E. = 879 - 83.38, being s i g n i f i c a n t , t = 10.54, d.f. = 96, 
P < 0.001. 
7.4 D i s c u s s i o n 
Lowland female f r o g s were about f i v e per c e n t logger than 
h i g h l a n d f r o g s , the r e v e r s e of t h a t expected from zoo-geographical r u l e s . 
Whether t h i s d i f f e r e n c e i n s i z e i s a r e f l e c t i o n of the d i f f e r e n t age 
s t r u c t u r e of the two p o p u l a t i o n s , or perhaps the r e s u l t o f the s h o r t e r 
growing season a t higher a l t i t u d e s , i s unknown. 
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Table 19. The body length from snout to vent of mature female f r o g s 
from lowland and h i g h l a n d ponds 
Lowland Frogs Highland Frogs 
+ 
Mean -
1 S.E. 
f the pond i n Body A l t i t u d e of the pond i n Body 
frog was caught length which the frog was caught length 
(m) (mm) (m) (mm) 
183 74 556 80 
183 80 556 70 
183 73 556 77 
244 80 556 65 
335 73 556 73 
335 84 556 72 
335 78 556 74.5 
373 84 556 70 
373 84 556 67.5 
411 87 556 69.5 
427 90 556 72.5 
76 69 ) 556 77 
76 79 ) 602 73 
76 67 ) 602 78 
76 77 ) 602 75 
76 66 ) From 602 84 
76 64 ) F a l c o n e r 617 71 
76 82 ) (1971) 617 69 
76 77 ) 617 64 
76 65 ) 617 68 
76 69 ) 617 71 
76 76 ) 808 66 
76 67 ) 808 71 
186.7 - 27. 9) (75.9 - 1. 56) (599.2 - 14.8) (72.1 
The mean d i f f e r e n c e - 1 S.E. between the body length of female lowland 
and h i g h l a n d frogs i s 3.8 - 1.87, t = 2.03, d.f. = 38, P < 0.05 
Highland frogs on average produce 707 eggs, l e s s than h a l f the 
mean number of 1,586 eggs produced by lowland f r o g s . T h i s may p a r t l y 
r e s u l t from the f a c t t h a t highland females are s l i g h t l y s m a l l e r than lowland 
females, and th e r e i s a tendency f o r s m a l l e r females to produce fewer eggs. 
P e t t u s and Angleton (1967) , f o r example, showed t h a t egg number i n the 
Chorus Frog, Pseudacris trlseriata, was p o s i t i v e l y c o r r e l a t e d w i t h female 
body s i z e . T e r e n t j e v (1960) found a s i m i l a r r e l a t i o n s h i p i n s e v e r a l Ranid 
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Table 20. The number of eggs i n clumps o f spawn l a i d by lowland and 
highland frogs 
Pond a l t i t u d e 
(ra) 
No. o f clumps 
counted 
Mean no. o f eggs 
per clump ± 1 S.E. 
46 8 2,315 + 131.6 
183 15 1,554 + 65. 5 
, > 183 8 1,615 + 192.3 Lowland ponds) 
183 8 1,166 T 147.1 
183 4 1,369 + 280. 2 
183 5 1,314 + 183.2 
Mean egg number - 1 S.E. (48) (1,586 + 75.9) 
(Calculated from the raw data) 
556 10 621 + 77.9 
602 i o 878 + 54.6 
(Highland ponds) 617 10 766 + 53.7 
747 10 515 + 82.4 
838 10 755 + 69.3 
Mean egg number - 1 S.E. (50) (707 + 34.5) 
(Calculated from the raw data) 
The mean d i f f e r e n c e - 1 S.E. i n the number of eggs i n clumps of spawn 
l a i d by lowland and highland frogs i s 879 - 83.38, t = 10.54, d.f. = 96, 
P < 0.001 
species, and Kozlowska (1971) observed t h a t small female R. temporaria 
l a i d fewer eggs. The d i f f e r e n c e i n egg number i s perhaps also due t o the 
f a c t t h a t highland f r o g s have a comparatively short p e r i o d of a c t i v i t y 
d u ring the summer i n which t o feed and produce the energy supplies f o r 
growth and r e p r o d u c t i o n , as w e l l as f o r enduring the long w i n t e r . There 
i s also some evidence t o suggest t h a t frogs from high moorland areas o f 
nor t h e r n England are sho r t o f food a t c e r t a i n times of the year (Houston, 
1973). 
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CHAPTER 8 
An i n v e s t i g a t i o n o f the j e l l y capsule surrounding the f r o g ' s egg, 
p a r t i c u l a r l y i t s i n s u l a t i n g p r o p e r t i e s i n d i f f e r e n t pond waters 
8.1 I n t r o d u c t i o n 
The egg capsule surrounding the v i t e l l u s i s composed of a mucoid 
m a t e r i a l secreted by the o v i d u c t , o f t e n i n complex l a y e r s . These mucoid 
layers are composed o f acid mucopolysaccharides which on h y d r o l y s i s y i e l d 
hexoses, hexosamines and amino acids (Bolognani e t al. 1966; Folkes et al. 
1950; Giacosa, 1882; Hiyama, 1949a, b and c; Kusa and Ozu, 1961; Lee, 
1967; Masamune and Yosizawa, 1953; Masamune e t al. 1951; Minganti, 1955; 
Minganti and D'Anna, 1957 and 1958; Monroy, 1965 and Shulz and Becker, 1935). 
The number o f mucoid layers i n the j e l l y capsule v a r i e s i n d i f f e r e n t species 
(Salthe, 1963) and histochemical studies o f oviducts and egg j e l l y has shown 
t h a t the chemical c o n s t i t u t i o n o f these l a y e r s can vary (Freeman, 1968; 
Ghiara, 1960; Humphries, 1966; Humphries and Hughes, 1959; Kambara, 1956a 
and b, 1957; K e l l y , 1954; Salthe, 1963; Shaver, 1966 and Steinke and 
Benson, 1970). The English R. temporaria egg capsules examined i n the 
present study had two mucoid l a y e r s , compared t o f o u r l a y e r s i n the capsules 
of Japanese R. temporaria examined by K a t a g i r i (1961). This d i f f e r e n c e 
does not n e c e s s a r i l y have a f u n c t i o n a l s i g n i f i c a n c e . Salthe (1963) s t u d i e d 
the egg capsules of 72 Amphibian species and found no obvious c o r r e l a t i o n 
between capsule s t r u c t u r e and environmental c o n d i t i o n s . Some species, 
however, have adapted the o v e r a l l shape o f the egg clump. Moore (1940) 
found t h a t f r o g s such as Rana sylvatica and Rana pipiens which breed e a r l y 
i n the s p r i n g when the water i s co l d have a submerged compact j e l l y mass, 
which presumably presents the l e a s t surface area f o r c o o l i n g , whereas summer 
breeding frogs such as Rana clamitans and Rana catesbeiana deposit t h e i r eggs 
i n a surface f i l m . 
50 
The j e l l y capsule i s reported t o have several f u n c t i o n s . 
I t p r o t e c t s the v i t e l l u s from i n j u r y , a gainst i n g e s t i o n by l a r g e r 
organisms and from fungal and other i n f e c t i o n s (Gabayeva, 1962). 
I t i s g e n e r a l l y accepted t h a t the j e l l y i s necessary f o r successful 
f e r t i l i z a t i o n o f amphibian eggs but i t s r o l e i s u n c e r t a i n (Kambara, 1953; 
K a t a g i r i , 1966; B a r b i e r i and V i l l e c o , 1966). The suggestion has also 
been made t h a t the j e l l y capsule acts as a lens, focusing l i g h t on the eggs 
thereby i n c r e a s i n g the supply of heat. Bragg (1964) c i t e s a case of the 
j e l l y o f R. pipiens eggs a c t i n g as a len s . Cornman and G r i e r (1941), 
however, measured the r e f r a c t i v e i n d i c e s of the egg j e l l y o f Ambystoma 
maculatum and R. sylvatica and found no s i g n i f i c a n t r e f r a c t i o n a t the 
w a t e r - j e l l y surface, or the surface between the capsules and the outer 
l a y e r of j e l l y . I t was also pointed out by Rugh (1951) t h a t as the j e l l y 
i s l a r g e l y water which i s a non-conductor of heat rays, the j e l l y cannot 
concentrate the heat rays of the sun. There i s good evidence t o suggest, 
however, t h a t the j e l l y capsule acts as an i n s u l a t o r and heat accumulator. 
Savage (1950) experimented w i t h the eggs o f R. temporaria i n the l a b o r a t o r y 
and discovered t h a t a mass of fr o g s ' eggs exposed t o i n t e r m i t t e n t r a d i a t i o n 
was on average warmer than a s i m i l a r mass o f water. From measurements i n 
the f i e l d he found t h a t , i n general, the eggs i n a pond were warmer than 
the surrounding water by an average of 0.63°C. The eggs of R. sylvatica 
o 
observed by Hassinger (1970) averaged 1.60 C higher than the surrounding 
water, and those o f R. pipiens averaged 0.63°C. The higher temperature 
w i t h i n the egg mass was presumably due t o the absorption of s o l a r r a d i a t i o n 
by the d a r k l y pigmented v i t e l l i , and the i n s u l a t i o n of the v i t e l l i by 
t h e i r j e l l y capsules. 
During v i s i t s t o ponds i n the Wear V a l l e y i t was no t i c e d t h a t 
the egg capsules i n some ponds were much l a r g e r than egg capsules i n others 
This observation was thought t o be of importance as the size of the j e l l y 
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capsule could a f f e c t i t s heat r e t a i n i n g c h a r a c t e r i s t i c s and thus i n f l u e n c e 
the s u r v i v a l chances of the f r o g embryo. This hypothesis was t e s t e d by 
conducting the f o l l o w i n g experiment. 
8.2 Methods 
The eggs from the two ovisacs of a s i n g l e female were removed 
and one clump of eggs was placed i n a l i t r e of water from pond (46) and 
the other i n a l i t r e o f water from pond ( 2 ) . I t was known t h a t the 
water from pond (46) allowed the r a p i d s w e l l i n g of egg j e l l y w hile t h a t 
from pond (2) tended t o i n h i b i t s w e l l i n g . A thermometer was placed i n s i d e 
each of the egg clumps, and one a t the same l e v e l i n the water j u s t outside 
the clumps. The f o u r thermometers had been c a l i b r a t e d , and over the 
o o 
temperature range 0 t o 12 C there was no d i f f e r e n c e i n t h e i r readings. 
They were a l l accurate t o 0.05°C. The egg clumps were allowed t o s w e l l 
f o r 24 hours, then the temperature i n s i d e and outside of the clumps was 
measured a t i n t e r v a l s over a p e r i o d of 12 hours. • The experiment was 
conducted i n a constant temperature room set a t 1°C. The eggs and water 
were heated by a batch of l i g h t bulbs f o r s i x hours, the l i g h t bulbs were 
then switched o f f , and the eggs and water were allowed to cool f o r s i x hours. 
8.3 Results 
4 
The r e s u l t s shown i n Table 21 were p l o t t e d i n F i g . 12. From 
F i g . 12 the spawn and water temperature a t 20 minute i n t e r v a l s was taken 
and the d i f f e r e n c e s were examined s t a t i s t i c a l l y by the method of p a i r e d 
comparisons (Table 22). I t i s apparent from these r e s u l t s t h a t over the 
12 hour p e r i o d both batches of eggs were s i g n i f i c a n t l y warmer than the 
surrounding water, and the eggs w i t h l a rge j e l l y capsules i n water from 
pond (46) were s i g n i f i c a n t l y warmer than the eggs w i t h small j e l l y capsules 
i n water from pond ( 2 ) . During the heating phase the eggs w i t h l a r g e 
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capsules were s l i g h t l y cooler on average than the eggs w i t h small capsules, 
but they had reached a higher temperature a t the end of the s i x hour heating 
p e r i o d . Eggs w i t h l a r g e capsules were much more e f f e c t i v e i n conserving 
heat during the co o l i n g phase. 
The experiment was repeated w i t h the same eggs a f t e r they had 
been s w e l l i n g f o r 120 hours. The r e s u l t s were s i m i l a r t o those described 
p r e v i o u s l y except t h a t the i n s u l a t i n g e f f e c t was enhanced, as one might 
have expected w i t h l a r g e r capsules. 
At the end of these experiments the two clumps of eggs were 
weighed, and the number of eggs i n each clump counted (Table 23). There 
was a s i m i l a r number of eggs i n both clumps, yet a f t e r 132 hours the mean 
wet weight o f eggs i n water from pond (46) was 0.83g, over two and a h a l f 
times heavier than the mean weight of 0.31g f o r eggs i n water from pond ( 2 ) . 
Table 23. The weight of two clumps of eggs a f t e r 132 hours i n water 
from pond (2) and pond (46) 
eggs i n water from eggs i n water from 
pond (2) pond (46) 
Egg number 648 615 
Clump wet weight (g) 200.8 509.7 
Mean egg weight (g) 0.31 0.83 
8.4 Discussion 
From these experiments i t would appear t h a t the mucopolysaccharide 
egg capsule does a c t as an i n s u l a t o r , keeping the v i t e l l i warmer on average 
than the surrounding water. I t i s also apparent t h a t the pond water, by 
l i m i t i n g the s w e l l i n g of the i n s u l a t i n g j e l l y capsule, can i n f l u e n c e the 
temperature of the embryo. The d i f f e r e n c e i n temperature between the two 
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clumps o f spawn i n d i f f e r e n t pond waters may not seem very large but, 
as Savage (1950) pointed out, small d i f f e r e n c e s i n temperature are very 
important t o animals breeding e a r l y i n the spring when temperatures are 
o f t e n o nly s l i g h t l y above the lower l e t h a l l i m i t . Furthermore, the 
experiment was performed on two r e l a t i v e l y small egg clumps, whereas i n 
p r a c t i c e clumps of spawn are l a i d together i n a pond, which w i l l have a 
cumulative e f f e c t on temperature d i f f e r e n c e s . 
The large d i f f e r e n c e i n mean egg wet weight observed i n t h i s 
experiment gives some i n d i c a t i o n of the e f f e c t t h a t d i f f e r e n t pond waters 
can have on egg s w e l l i n g . The s w e l l i n g process was i n v e s t i g a t e d f u r t h e r , 
and the r e s u l t s r e p orted i n the f o l l o w i n g chapter. 
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CHAPTER 9 
F a c t o r s a f f e c t i n g the s w e l l i n g of the j e l l y c a p s u l e surrounding the 
frog's egg 
I t has long been known t h a t the egg j e l l y of frog's spawn s w e l l s 
i n water, but l i t t l e work has been done on the f a c t o r s i n f l u e n c i n g s w e l l i n g . 
Krogh e t a l . (1938) found t h a t the s w e l l i n g of R. temporaria egg j e l l y v/as 
l a r g e i n d i s t i l l e d water and appeared to be s p e c i f i c a l l y i n h i b i t e d by 
c a l c i u m . L a t e r work by Kobayashi (1954) on the s w e l l i n g of Bufo vulgaris 
formosus eggs showed t h a t s w e l l i n g was g r e a t e r a t higher temperatures, 
and t h a t the optimum pH f o r s w e l l i n g was between 6.4 and 6.8. He a l s o 
noted t h a t a t low c o n c e n t r a t i o n s anions i n h i b i t e d s w e l l i n g i n accordance 
w i t h the order of the l y o t r o p i c s e r i e s , w h i l e a t high c o n c e n t r a t i o n s the 
order was r e v e r s e d . The l y o t r o p i c or Hofmeister s e r i e s l i s t s i o n s 
a ccording t o t h e i r e f f e c t on the s w e l l i n g of macromolecular g e l s (Kruyt, 
1949). Lee (1964) s t u d i e d some of the f a c t o r s a f f e c t i n g the s w e l l i n g 
of R. pipiens egg j e l l y and found t h a t s o l u t i o n s of low pH and high 
i o n i c c o n c e n t r a t i o n i n h i b i t e d s w e l l i n g . 
The s w e l l i n g of the g e l a t i n o u s c a p s u l e s surrounding the eggs 
of R. temporaria could p l a y an important p a r t i n temperature r e g u l a t i o n , 
and the p h y s i c a l f a c t o r s i n v o l v e d were i n v e s t i g a t e d . 
9.1 The methodology f o r s w e l l i n g experiments 
9.1.1 The method f o r measuring the whole egg volume 
I n f e r t i l e eggs, obtained by g e n t l y squeezing the abdomen of a 
g r a v i d female, were t r a n s f e r r e d by means of a f i n e brush to c l e a r p l a s t i c 
j a r s . The eggs n a t u r a l l y adhered to the bottom of the j a r s and remained 
i n the same p o s i t i o n even a f t e r the c u l t u r e medium was added. The bottoms 
of the j a r s were marked so t h a t each egg could be i n d i v i d u a l l y recognized. 
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The maximum and minimum d;'.ameters of the whole egg, i n c l u d i n g the 
gelat i n o u s capsule, were measured using a g r a t i c u l e i n a bi n o c u l a r 
microscope. The radiu s , obtained from the equation: 
Maximum diameter + minimum diameter 
4 
was used t o c a l c u l a t e the whole egg volume by the f o l l o w i n g formula, 
since the eggs were approximately s p h e r i c a l : 
4 3 volume = -jur 
where r = radi u s . 
Changes i n the whole egg volume i n d i f f e r e n t c u l t u r e media are 
almost e n t i r e l y the r e s u l t o f changes i n the gelatinous egg capsule. 
The volume of the p e r i v i t e l l i n e chamber of f e r t i l e eggs does increase 
during development (Salthe, 1965), but t h i s has no s i g n i f i c a n t e f f e c t on 
the whole egg volume. 
The whole egg volume was a f f e c t e d by exposure t o the a i r . 
When the volume of 16 i n f e r t i l e eggs was measured at d i f f e r e n t time 
i n t e r v a l s i n a i r a t 15°C, w i t h a 50% RH, i t was found t h a t compared t o 
the i n i t i a l volume the eggs contracted by e i g h t per cent a f t e r f i v e 
minutes, and 52 per cent a f t e r 100 minutes (Table 24). The s a t u r a t i o n 
d e f i c i t o f the a i r w i l l presumably a f f e c t the degree of c o n t r a c t i o n . 
Lee (1964) discovered t h a t the percentage water loss from the eggs of 
R. pipiens was c o r r e l a t e d w i t h the amount o f water vapour i n the atmosphere. 
Before the c u l t u r e medium was added t o the eggs they were o f t e n 
exposed t o the atmosphere f o r several minutes. To t e s t whether t h i s 
b r i e f exposure a f f e c t e d the subsequent s w e l l i n g of the gelat i n o u s egg 
capsule, the f o l l o w i n g experiment was performed. A batch of 16 eggs (A) 
was exposed t o the atmosphere f o r 100 minutes before having 300ml o f two 
m i l l i m o l a r CaCl„ s o l u t i o n added. A c o n t r o l batch o f 16 eggs (B) had the 
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Table 24, The mean volume a t v a r i o u s i n t e r v a l s of eggs exposed to the 
air,- the sample was based on 16 eggs 
The length of time Mean egg volume 
eggs were exposed 
* the a i r 
(mins) (mm3) 
+ 
t o the a i r - 1 S.E. 
O 9.0 - 0.17 
5 8.3 - 0.14 
10 7.7 - 0.15 
20 6.4 - O.15 
40 5.0 - 0.09 
60 4.4 - 0.08 
80 4.3-0.08 
100 4.3 - 0.07 
same volume of CaCl^ s o l u t i o n added immediately a f t e r they were e x t r a c t e d 
from the female. There was only a f i v e per cent d i f f e r e n c e between the 
mean whole egg volume of batch (A) and batch (B) a f t e r 24 hours at 15°C. 
This d i f f e r e n c e was not s i g n i f i c a n t ( t = 0.99, d.f. = 30, P < 0.05) 
(Table 25) . 
The j e l l y o f the f r o g ' s egg can, t h e r e f o r e , be dehydrated 
w i t h o u t a f f e c t i n g the normal s w e l l i n g p a t t e r n o f j e l l y . Banta and 
Gortner (1914) showed t h a t Ambystoma egg j e l l y could be dehydrated and 
rehydrated w i t h no outward change i n appearance. Lee (1964) demonstrated 
t h i s r e v e r s i b i l i t y i n the j e l l y from R. pipiens eggs, which i s a t y p i c a l 
p r o p e r t y o f h y d r o p h i l i c gels. 
59 
Table 25. The mean volume - 1 S.E. of two batches of eggs (16 eggs 
per batch) a f t e r 24 hours i n 300ml of two m i l l i m o l a r CaCl,,. 
Batch (A) was exposed t o the a i r f o r lOO minutes before the 
CaCl^ s o l u t i o n was added. The CaCl^ s o l u t i o n was added t o 
batch (B) immediately 
Batch (A) Batch (B) 
( i ) s t r a i g h t from 
the female 9.0 - 0.17 8.5 - 0.39 
Mean egg volume ( i i ) a f t e r being exposed 
+ ^ t o the a i r f o r + 
- 1 S.E. (mm ) 100 minutes 4.3-0.07 
measured: ( i i i ) a f t e r 24 hours i n 
2 m i l l i m o l a r 
CaCl 2 265.8 - 6.45 254.0 - 9.89 
The d i f f e r e n c e i n mean egg volume - 1 S.E. between batch (A) and batch (B) 
a f t e r 24 hours i n two m i l l i m o l a r CaCl 2 i s 11.8 - 11.8, t = 0.99, d.f. = 30, 
P > 0.05. 
9.1.2 A comparison between the s w e l l i n g o f the gela t i n o u s capsules 
o f f e r t i l e and i n f e r t i l e eggs 
There are c e r t a i n disadvantages associated w i t h the use o f 
f e r t i l e eggs i n s w e l l i n g experiments. Before a t e s t s o l u t i o n can be added 
eggs must be placed i n a sperm-pond water s o l u t i o n , which w i l l i t s e l f 
i n f l u e n c e the s w e l l i n g o f the gelatinous egg capsule. Furthermore, not 
a l l of the eggs w i l l be f e r t i l i z e d , which means t h a t more than the r e q u i r e d 
number o f eggs must be measured i n i t i a l l y u n t i l f e r t i l e eggs can be 
d i s t i n g u i s h e d from i n f e r t i l e ones. These problems do not a r i s e when 
i n f e r t i l e eggs are used. I t was not known, however, whether the g e l a t i n o u s 
capsules o f i n f e r t i l e eggs had the same s w e l l i n g p a t t e r n as f e r t i l e eggs. 
Krogh e t al. (1938) thought t h a t the mucus surrounding the frog's egg 
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behaved i n the same way i n s o l u t i o n , whether f e r t i l i z a t i o n took p]ace or 
not. No evidence was produced to j u s t i f y t h i s statement however. 
Accordingly, the f o l l o w i n g experiment was performed to d i s c o v e r i f the 
g e l a t i n o u s c a p s u l e s of i n f e r t i l e eggs behaved i n the same way as those 
from f e r t i l e ones. A batch of 64 eggs was taken from the same female 
and was d i v i d e d e q u a l l y between four p l a s t i c j a r s , A, B, C and D. 
100ml of sperm-pond water s o l u t i o n was added to j a r s A and B, and lOOml 
of the same pond water, but without the sperm, was added to j a r s C and D. 
A f t e r f i v e minutes the f l u i d was emptied from a l l four j a r s and 300ml of 
tap water was added to each. The volume of a l l 64 eggs was measured 
u n t i l f e r t i l e eggs could be d i s t i n g u i s h e d by the appearance of the furrow 
of the f i r s t d i v i s i o n . Ten out of the 32 eggs i n j a r s A and B were 
f e r t i l i z e d . The volume of these 10 eggs was compared a t i n t e r v a l s w i t h 
10 s e l e c t e d i n f e r t i l e eggs from j a r s C and D, each one of which had the 
same volume a f t e r h a l f an hour as one of the f e r t i l e eggs. The eggs 
were kept i n a constant temperature room s e t a t 15°C and the whole egg 
volume was measured a t i n t e r v a l s over a 146 hour p e r i o d . The maximum 
percentage d i f f e r e n c e between the mean egg volume of f e r t i l e and i n f e r t i l e 
eggs was nine per cent. O v e r a l l , there was no s i g n i f i c a n t d i f f e r e n c e 
between f e r t i l e and i n f e r t i l e eggs over the 146 hour p e r i o d ( t = 1.22, 
d.f. = 9, P > 0.05) (Table 2 6 ) . The g e l a t i n o u s c a p s u l e s of f e r t i l e and 
i n f e r t i l e eggs had a very s i m i l a r s w e l l i n g p a t t e r n ( F i g . 1 3 ) . The mean 
egg volume i n c u b i c m i l l i m e t r e s (y) was r e l a t e d to the square root o f time 
i n hours (JC) by the f o l l o w i n g l i n e a r r e l a t i o n s h i p s : 
(1) Mean egg volume of i n f e r t i l e eggs, y = 56.8(-1.93)x + 11.4 
(r = +0.995) 
(2) Mean egg volume of f e r t i l e eggs, y = 53.6(-1.31)x + 27.6 
(r = +0.998) 
The mean d i f f e r e n c e between the s l o p e s of the two r e g r e s s i o n l i n e s i s 
3.2 - 2.33, which i s not s i g n i f i c a n t . Therefore i t i s j u s t i f i a b l e to use 
i n f e r t i l e eggs i n subsequent s w e l l i n g experiments. 
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Table 26. The mean volume a t d i f f e r e n t i n t e r v a l s - 1 S.E. of f e r t i l e 
and i n f e r t i l e eggs kept under the same c o n d i t i o n s ; each 
sample was based on 10 eggs 
Time 
(Hours) 
0. 5 
6.3 
24.0 
36.3 
48.3 
56.5 
72.0 
84.0 
96.0 
146.0 
Mean egg volume of f e r t i l e eggs 
- 1 S.E. 
(mm ) 
41.7 - 1.97 
174.3 - 11.78 
297.5 - 21.53 
355.1 - 28.40 
415.0 - 35.06 
434.7 - 38.09 
490.2 - 39.72 
514.0 - 40.37 
535.1 - 43.56 
669.9 - 53.58 
Mean egg volume of i n f e r t i l e 
+ eggs 
- 1 S.E. 
(mm ) 
41.7 - 1.97 
178.3 - 6.59 
295.4 - 22.96 
324.1 - 29.93 
385.1 - 35.31 
430.8 - 36.38 
518.9 - 38.32 
539.9 - 36.64 
582.0 - 36.59 
685.6 - 37.30 
The d i f f e r e n c e i n mean egg volume - 1 S.E. between f e r t i l e and i n f e r t i l e 
+ 
eggs i s 5.4 - 4.46, t = 1.22, d.f. = 9, P > 0.05 (by the method of p a i r e d 
comparisons). 
9.1.3 The d u r a t i o n of s w e l l i n g experiments 
The s w e l l i n g of the g e l a t i n o u s egg ca p s u l e was r a p i d a t f i r s t , 
then s t a r t e d to moderate a f t e r about 24 hours ( F i g . 14). The egg capsule 
continued to s w e l l s l o w l y u n t i l the whole system was completely l i q u i f i e d . 
I n the l a t e r s t a g e s of s w e l l i n g the egg cap s u l e s t a r t e d to d i s i n t e g r a t e 
and the volume became d i f f i c u l t to measure. Most s w e l l i n g experiments, 
t h e r e f o r e , were terminated a f t e r 24 hours. There was a good c o r r e l a t i o n 
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2 0 0 
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between the egg volume measured a f t e r 24 hours and the egg volume measured 
at other times. For example, the egg volume of 13 batches of eggs ( e i g h t 
eggs i n a batch) was measured a f t e r 24 hours and 15 days i n d i f f e r e n t pond 
waters (Table 27 ). The egg volume a f t e r 15 days i n cubic m i l l i m e t r e s (y) 
was r e l a t e d t o the egg volume a f t e r 24 hours i n cubic m i l l i m e t r e s {x) by 
the f o l l o w i n g r e l a t i o n s h i p : 
+ 
Egg volume a f t e r 15 days, y = 2 . 8 ( - 0 . 3 ) x - 1 9 . 8 . The c o e f f i c i e n t o f 
c o r r e l a t i o n of regression, r = + 0 . 9 4 , was s i g n i f i c a n t l y d i f f e r e n t from 
zero, t = 9 . 4 8 , d.f. = 1 1 , P < 0 . 0 0 1 (Fig. 1 5 ) . 
Table 27 . The volume of 13 batches of eggs (ei g h t eggs per batch) 
a f t e r 24 hours and 15 days i n d i f f e r e n t pond waters. 
A l l the eggs were from the same female. 
No. of the pond from Egg volume a f t e r Egg volume a f t e r 
which the water was 24 hours 15 days 
taken (rom^) (mm"*) 
1 140 389 
2 126 413 
8 150 465 
20 4 4 1 1,028 
22 377 1,455 
25 151 440 
27 105 188 
32 324 877 
37 4 0 1 961 
41 663 1,676 
45 239 485 
46 471 1,052 
51 666 2 ,117 
2 0 0 0 
1500 
CO 
1000 UJ 
O 5 0 0 
UJ 
2 0 0 4 0 0 6 0 0 
E G G V O L U M E AFTER 24 HOURS m m 
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9.1.4 Estimation of the sample size 
Two hundred and si x t e e n eggs were taken from the same female 
and t h e i r volume was measured a f t e r 24 hours i n two m i l l i m o l a r CaCl^ 
(Table 28). These values were used t o c a l c u l a t e the sample size r e q u i r e d 
f o r a 10 per cent e r r o r of the mean, which i n the present case was found t o 
be 14. I n s w e l l i n g experiments, t h e r e f o r e , samples of 14 eggs or more were 
used. 
Table 28. The volume of 216 eggs from the same female a f t e r 24 hours 
i n 2mM CaCl^/ used t o c a l c u l a t e the sample size f o r a 
10 per cent e r r o r o f the mean 
Egg volume 
a f t e r 24 hours Frequency 
Egg volume 
a f t e r 24 hours Frequency 
, 3V , 3X (mm ) (mm ) 
493 1 268 9 
463 1 258 12 
449 4 249 7 
435 3 239 7 
4 2 1 3 230 5 
408 10 221 7 
395 3 212 8 
382 6 204 2 
369 2 195 2 
357 5 187 2 
345 6 180 1 
333 1 1 165 2 
322 16 158 2 
310 16 151 1 
299 18 144 1 
289 29 113 1 
278 13 
+ + The mean egg volume - 1 S.E. i s 2 9 7 . 9 - 4 . 5 2 . 
2 t s The number of samples r e q u i r e d (N) i s given by: N = { j ^ } 
where s = standard d e v i a t i o n , x = mean, D = the r e q u i r e d l e v e l o f accuracy 
expressed as a decimal, and t i s a q u a n t i t y which depends on the number of 
samples and i s obtained from the t a b l e s . 
N = , 1 . 6 5 8 . 6 6 . 3 6 , 
O.l. 297.9 = 14 
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9,2 The major f a c t o r s a f f e c t i n g the s w e l l i n g of the gelat i n o u s 
egg capsule 
9.2.1 The e f f e c t of temperature on the s w e l l i n g of the egg capsule 
Batches of 16 eggs were placed i n f i v e p l a s t i c j a r s and 300ml 
of two m i l l i m o l a r CaCl^ was added t o each one. A j a r o f eggs was c u l t u r e d 
o o o o o a t each of the f o l l o w i n g temperatures: 2 , 5 , 10 , 15 and 20 C, and the 
volume o f the eggs was measured a f t e r 24 hours (Table 29). These r e s u l t s 
were p l o t t e d i n F i g . 16. 
Table 29. The mean volume - 1 S.E. of f i v e batches of eggs 
(16 eggs i n each batch) a f t e r 24 hours i n two 
m i l l i m o l a r CaCl^, kept a t d i f f e r e n t temperatures 
Temperature 
2°C 5°C 10°C 15°C 20°C 
Mean egg volume - 1 S.E. 282.7 291.1 326.0 352.6 380.0 
a f t e r 24 hours -9.7o -9.70 ^9.99 -10.98 -14.90 
(mm ) 
The mean egg volume a f t e r 24 hours i n cubic m i l l i m e t r e s (y) 
was r e l a t e d t o the temperature i n degrees Celsius (x) by the f o l l o w i n g 
r e l a t i o n s h i p : Mean egg volume, y = 5.6(-0.26)x + 268.3. The c o e f f i c i e n t 
of c o r r e l a t i o n o f r e g r e s s i o n , r = +0.997, was s i g n i f i c a n t l y d i f f e r e n t from 
zero, t = 21.94, d.f. = 3, P < 0.001. Between 2° and 20°C, the egg volume 
a f t e r 24 hours increased by approximately two per cent f o r every 1°C r i s e 
i n temperature. Kobayashi (1954) s t u d i e d the e f f e c t of temperature on the. 
s w e l l i n g of gela t i n o u s capsules from Bufo vulgaris formosus eggs. The 
s w e l l i n g of the j e l l y was f a s t e r a t higher temperatures. A f t e r 27 hours 
j e l l y kept a t 26.5°C was 21 per cent heavier than j e l l y kept a t 3°C. 
500 
400 
T 
I T 
i 
300 
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200 
LU 
100 
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9.2.2 The e f f e c t of a e r a t i o n on the s w e l l i n g of the egg ca p s u l e 
Batches of 16 eggs were p l a c e d i n four p l a s t i c j a r s and 300ml 
of two m i l l i m o l a r C a C l ^ was added to each one. Two of the j a r s were 
a e r a t e d and two were not. The eggs were c u l t u r e d f o r 24 hours a t 15°C. 
There was a f i v e per cent d i f f e r e n c e between the mean egg volume 
of a e r a t e d and non-aerated eggs a f t e r 24 hours (Table 3 0 ) . T h i s d i f f e r e n c e 
was not s i g n i f i c a n t ( t = 1.67, d.f. = 6 2 ) . T h i s suggests t h a t a e r a t i o n 
does not a f f e c t the s w e l l i n g of the g e l a t i n o u s egg ca p s u l e surrounding a 
f r o g ' s egg. 
+ 
Table 30. The mean volume - 1 S.E. of two batches of eggs (32 eggs 
i n a batch) a f t e r 24 hours i n two m i l l i m o l a r C a C l ^ . 
Batch (A) was a e r a t e d , batch (B) was not. 
Batch (A) Batch (B) 
Mean egg volume - 1 S.E. 228.6 - 3.65 216.7 - 6.11 
3 
a f t e r 24 hours (mm ) 
The d i f f e r e n c e i n mean egg volume - 1 S.E. between batch (A) and batch (B) 
a f t e r 24 hours i n two m i l l i m o l a r C a C l 2 i s 11.9 - 7.13, t = 1.67, d.f. = 62, 
P > 0.05. 
9.2.3 The e f f e c t of i o n i c c o n c e n t r a t i o n on the s w e l l i n g of the egg c a p s u l e 
Batches of 16 eggs from the same female were p l a c e d i n 15 p l a s t i c 
j a r s and 300ml of C a C l ^ s o l u t i o n of va r y i n g s t r e n g t h s was added to seven of 
th e s e j a r s , and 300ml of MgC^ s o l u t i o n of v a r y i n g s t r e n g t h s was added to 
the other e i g h t j a r s . A f t e r 24 hours a t 15°C the volume of a l l the eggs 
was measured (Tables 31 and 32). The eggs i n the MgCl^ s o l u t i o n s were a l s o 
weighed so t h a t a comparison could be made between a v o l u m e t r i c and a 
g r a v i m e t r i c method f o r measuring c a p s u l a r s w e l l i n g (Table 3 2 ) . 
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Table 31. Mean egg volume - 1 S.E. a f t e r 24 hours i n d i f f e r e n t s t r e n g t h 
s o l u t i o n s of CaCl^; each sample was based on 16 eggs. 
Concentration of the CaCl, 
s o l u t i o n 
( m o l e s / l i t r e ) 
Mean egg volume a f t e r 24 hours 
- 1 S.E. 
(mm ) 
1M 57.1 - 2.53 
10 - 1M 
-2 10 M 
-3 10 M 
-4 lO M 
10~5M 
10 _ 6M 
71.7 
130.1 
297.4 
910.5 
3.80 
2.99 
11.01 
35.41 
1,998.5 - 118.18 
2,220.3 - 137.09 
Table 32. Mean egg volume - 1 S.E. and mean wet weight of eggs a f t e r 
24 hours i n MgCl 2 s o l u t i o n s o f d i f f e r e n t c o n c e n t r a t i o n ; each 
sample was based on 16 eggs 
Concentration of the 
MgCl^ s o l u t i o n 
( m o l e s / l i t r e ) 
10~2M 
4 x 10 _ 3M 
10 _ 3M 
4 x 10 M 
-4 lO M 
4 x 10 _ 5M 
10 _ 5M 
10 _ 6M 
Mean egg volume - 1 S.E. 
a f t e r 24 hours 
(mm3) 
129 
216 
383 
9.9 
11.4 
20.5 
533 - 23.8 
955 72.3 
1,303 - 82.8 
1,803 - 95.1 
2,143 - 123.0 
Mean egg wet weight 
a f t e r 24 hours 
(nig) 
160 
220 
370 
560 
950 
1,330 
•1,720 
2,340 
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There was a negative c u r v i l i n e a r r e l a t i o n s h i p between egg 
volume and the negative logarithm of the i o n i c c o n c e n t r a t i o n . The 
sigmoidal c u r v e s f o r M 9 C 1 2 a n d CaC^2 w e r e v e r v s i m i l a r ; both tended 
to p l a t e a u a t very high and very low c o n c e n t r a t i o n s ( F i g . 1 7 ) . A 
sigmoidal curve was a l s o produced when the wet weight of eggs was p l o t t e d 
a g a i n s t the negative logarithm of the i o n i c c o n c e n t r a t i o n ( F i g . 18). The 
r e l a t i o n s h i p between the mean wet weight of eggs i n milligrammes (y_) and 
the egg volume i n c u b i c m i l l i m e t r e s (x) can be d e s c r i b e d by the l i n e a r 
r e l a t i o n s h i p : y = 1.04(-0.04)x - 10.75. The c o e f f i c i e n t of c o r r e l a t i o n 
of r e g r e s s i o n , r = +0.995, was h i g h l y s i g n i f i c a n t ( d . f . = 6, P < 0.001). 
There was a c l o s e c o r r e l a t i o n between egg s w e l l i n g measured by 
v o l u m e t r i c and g r a v i m e t r i c methods ( F i g . 1 9 ) . Both methods showed a 
marked decre a s e i n egg s w e l l i n g with a r i s e i n the i o n i c c o n c e n t r a t i o n . 
Lee (1964) s t u d i e d the e f f e c t of v a r i o u s c o n c e n t r a t i o n s of sodium c h l o r i d e 
on the s w e l l i n g of R. pipiens j e l l y . As was found i n the p r e s e n t study, 
s w e l l i n g i n c r e a s e d as the i o n i c c o n c e n t r a t i o n of the surrounding medium 
decreased. 
9.2.4 The e f f e c t of pH on the s w e l l i n g of the egg capsule 
I n the p r e v i o u s s e c t i o n i o n i c c o n c e n t r a t i o n was shown to a f f e c t 
the s w e l l i n g of the g e l a t i n o u s egg c a p s u l e . To study the e f f e c t of pH i n 
i s o l a t i o n , t h e r e f o r e , a c e t a t e b u f f e r s o l u t i o n s were used which had a 
c o n s t a n t s a l t c o n tent. Ninety s i x eggs taken from the same female were 
d i v i d e d e q u a l l y between s i x p l a s t i c j a r s and 300ml of a c o n s t a n t s a l t a c e t a t e 
b u f f e r s o l u t i o n of known pH was added to each one. These b u f f e r s o l u t i o n s 
were prepared by the method de s c r i b e d by Palmer (1946)• The volume of the 
eggs measured a f t e r 24 hours a t 15°C (Table 33) was p l o t t e d a g a i n s t pH 
( F i g . 2 0 ) . 
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Table 33. Mean egg volume - 1 S.E. a f t e r 24 hours i n co n s t a n t s a l t 
a c e t a t e b u f f e r s o l u t i o n s of d i f f e r e n t pH; each sample was 
based on 16 eggs 
pH Mean egg volume a f t e r 24 hours - 1 S.E, 
(mm"^ ) 
4.0 62.3 - 2.50 
4.4 80.7 - 2.44 
4.6 86.8 - 2.81 
4.8 90.7 - 2.68 
5.2 104.8 - 4.62 
5.6 152.7 - 3.94 
There was a p o s i t i v e c u r v i l i n e a r r e l a t i o n s h i p between egg 
volume and pH. The s w e l l i n g of the g e l a t i n o u s capsule surrounding the 
fr o g ' s egg was p r o g r e s s i v e l y i n h i b i t e d by i n c r e a s i n g hydrogen ion 
c o n c e n t r a t i o n . Lee (1964) s t u d i e d the e f f e c t of pH on the s w e l l i n g o f 
R. pipiens eggs and found t h a t s w e l l i n g was i n h i b i t e d i n s o l u t i o n s of low 
pH. S i m i l a r l y , Kobayashi (1954) observed t h a t the s w e l l i n g of Bufo 
vulgaris formosus eggs was reduced i n s o l u t i o n s of low pH. 
9.2.5 The e f f e c t of d i f f e r e n t anions and c a t i o n s on the s w e l l i n g of 
the egg cap s u l e 
Batches of 16 eggs from the same female were p l a c e d i n e i g h t y 
p l a s t i c j a r s . Ten s a l t s o l u t i o n s , each a t e i g h t molar c o n c e n t r a t i o n s , 
were made up and 300ml of each one was p l a c e d i n a j a r of 16 eggs. Most 
of the i o n s used were those found commonly i n pond water (Moore and Bellamy, 
1974). The volume of the eggs was measured a f t e r 24 hours a t 15°C 
(Table 3 4 ) . 
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Analysis of the data showed t h a t the variance increased as 
the egg volume increased. To s t a b i l i z e the variance the data were 
transformed by t a k i n g l o g ^ o f the egg volume and 1 ° 9 1 0 °f t n e c o n c e n t r a t i o n , 
plus s i x . By adding s i x , values of l°g^ 0 c o n c e n t r a t i o n became p o s i t i v e . 
The r e l a t i o n s h i p between egg volume and concentration a f t e r t r a n s f o r m a t i o n 
was s l i g h t l y sigmoidal, but over the concentration range, 4x10 ^ t o 10 M^, 
there was a l i n e a r r e l a t i o n s h i p between the two v a r i a b l e s , w i t h a 
c o r r e l a t i o n i n excess o f 0.91 i n a l l cases. Excluding the maximum and 
minimum concentrations was j u s t i f i a b l e , as they represent pond water 
concentrations absent i n nature (Salthe, 1965). Transforming the data 
i n t o logarithms also f a c i l i t a t e d comparisons using molar and normal 
concentrations, because the slopes of the regression l i n e s were the same 
and d i f f e r e n c e s were expressed i n terms of t h e i r i n t e r c e p t s . 
The e f f e c t o f d i f f e r e n t s a l t s on egg capsule s w e l l i n g , the c o n c e n t r a t i o n 
expressed as m o l a r i t y . 
Least squares l i n e s were f i t t e d t o the data. The estimate of 
e r r o r variance was the e r r o r mean square a f t e r f i t t i n g i n d i v i d u a l l i n e s 
t o the data. The r e s u l t s o f the s t a t i s t i c a l analyses are shown i n Table 35. 
To d i s t i n g u i s h the 23 values o f P given i n Table 35 each was assigned a 
number. Thus, when a value o f P was quoted i n the t e x t , the t e s t t o which 
i t r e f e r r e d could be i d e n t i f i e d . Ten hypotheses were examined t o discover 
i f t here was any s i g n i f i c a n t d i f f e r e n c e w i t h i n and between f o u r monovalent 
and f o u r d i v a l e n t s a l t s w i t h respect t o t h e i r a c t i o n on egg capsule 
s w e l l i n g . 
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T a b l e 35. The s t a t i s t i c a l a n a l y s i s o f t h e e f f e c t s o f d i f f e r e n t s a l t s 
on egg c a p s u l e s w e l l i n g 
where (b = s l o p e , a = i n t e r c e p t ) 
a1b1 = NaCl, a ^ = KC1, a ^ = NaHC0 3, a ^ = NaNO^, a ^ = C a C l ^ 
a 6 b 6 = M g C l 2 ' a 7 b 7 = M g S ° 4 ' a 8 b 8 = N a 2 S ° 4 ' a 9 b 9 H C 1 ' a l O b 1 0 = H 2 S ° 4 -
N.B. The t e s t s a r e n o t m u t u a l l y i n d e p e n d e n t . 
H y p o t h e s i s t e s t e d 
( C o n c e n t r a t i o n e x p r e s s e d as m o l a r i t y ) 
P v a l u e ( a p p r o x . ) 
1 b l = b 2 = b 3 = b 4 = b 5 = b 6 = b 7 = b 8 
2 b 5 = b 6 = b ? = b 8 
3 b 1 = b 2 = b 3 = b 4 
4 b 5 = b 6 = b 7 
5 b 1 = b 2 = b 3 = b 4 = b 5 = b 6 = b 7 
6 b l = b 2 = b 3 = b 4 = b 8 
7 a ; L = a 2 = a 3 = a 4 , b ^ b ^ b ^ 
8 a 5 = 3 6 = a 7 ' b 5 = b 6 = b 7 
9 a i = a 2 = a 3 = a 4 = a 5 = a 6 = a 7 , b ^ b ^ b ^ b ^ b ^ b ^ 
10 a 1 = a 2 = a 3 = a 4 = a 5 = a 6 = a 7 
( C o n c e n t r a t i o n e x p r e s s e d as n o r m a l i t y ) 
P^ ^ = 5x10 
P 2 = 3x10" 
P 3 = 0.7 
P„ = 0.3 4 
P 5 = 0.3 
P c = 0.9xlO 
P ? = 0 . 5 
P 8 « 1.00 
P g = 0.6x10 
P 1 Q - 0.03 
-6 
-9 
s i g n 
s i g n 
i n s i g n 
i n s i g n 
i n s i g n 
s i g n 
i n s i g n 
i n s i g n 
s i g n 
s i g n 
11 b 1 = b 2 = b 3 = b 4 = b 5 = b 6 = b 7 = b 8 
12 b 5 = b 6 = b ? = b 8 
13 b 1 = b 2 = b 3 = b 4 
14 b c=b,=b_ 
5 6 7 
15 b 1 = b 2 = b 3 = b 4 = b 5 = b 6 = b 7 
16 b 1 = b 2 = b 3 = b 4 = b Q 
17 a i = a 2 = a 3 = a 4 , b ^ b ^ b ^ 
18 a 5 = a 6 = a ? , b 5 = b 6 = b 7 
P n = 5x10 
P 1 2 = 3x10 
P 1 3 = 0.7 
P 1 4 = ° - 3 
P 1 5 = 0.3 
-4 
-3 
P = 0.9x10 16 
P 1 ? - 0.5 
P 1 8 - 0.96 
-6 
s i g n 
s i g n 
i n s i g n 
i n s i g n 
. i n s i g n 
s i g n 
i n s i g n 
i n s i g n 
C o n t i n u e d o v e r l e a f . 
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T a b l e 35. (Continued) 
( C o n c e n t r a t i o n e x p r e s s e d as n o r m a l i t y ) 
P v a l u e (approx.) 
19 a ; L = a 2 = a 3 = a 4 = a 5 = a 6 = a 7 , b ^ b ^ b ^ b ^ b ^ ^ P i g = 0.79 i n s i g n 
20 a 1 = a 2 = a 3 = a 4 = a 5 = a 6 = a 7 P 2 q = 0.92 i n s i g n 
2 1 b 9 = b 1 0 P 2 1 < ° - 0 0 1 s i g n 
2 2 a 9 = a i 0 P 2 2 < ° - 0 0 1 s i g n 
2 3 a 9 = a l 0 ' b 9 = b l 0 P 2 3 * ° ' ° 0 1 S l g n 
H y p o t h e s i s 1 T h a t t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e f o u r 
monovalent s a l t s (b. , b„, b n , b.) and t h e f o u r d i v a l e n t s a l t s ( b r , b,., b.,, 
1 £ 5 4 b 6 7 
b D ) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was f a l s e , P, < O.OOl. o 1 
H y p o t h e s i s 2 T h a t t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e f o u r 
d i v a l e n t s a l t s ( b c , b^, b_, b ) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s b b / o 
h y p o t h e s i s was f a l s e , P < 0.001. 
H y p o t h e s i s 3 T h a t t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e f o u r 
m o novalent s a l t s ( b ^ , b^, h^, b^) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s 
h y p o t h e s i s was t r u e , P^ > 0.05. 
H y p o t h e s i s 4 T h a t t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h r e e o f 
t h e d i v a l e n t s a l t s , e x c l u d i n g Na_S0„ , ( b r , b^, b_) were n o t s i g n i f i c a n t l y 
Z 4 b 6 / 
d i f f e r e n t . T h i s h y p o t h e s i s was t r u e , P^ > 0.05. 
H y p o t h e s i s 5 T h a t t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e f o u r 
monovalent s a l t s and t h r e e o f t h e d i v a l e n t s a l t s , e x c l u d i n g Na SO^ , ( b ^ , h^, 
b 3 , b^, b,., b 6 # b 7 ) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was 
t r u e , P 5 > 0.05. 
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H y p o t h e s i s 6 That t h e s l o p e s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e f o u r 
m onovalent s a l t s ( b ^ , b^, b^, b^) and t h e d i v a l e n t s a l t Na^SO^ (b^) were 
n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was f a l s e , V < O.OOl. 
6 
H y p o t h e s i s 7 That t h e s l o p e s and t h e i n t e r c e p t s o f t h e l i n e a r r e g r e s s i o n 
l i n e s f o r t h e f o u r monovalent s a l t s (b , b , b , b ) (a , a , a , a ) were 
JL Z. 3 H 1 j ^ 
n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was t r u e , > 0.05. 
H y p o t h e s i s 8 That t h e s l o p e s and t h e i n t e r c e p t s o f t h e l i n e a r r e g r e s s i o n 
l i n e s f o r t h r e e o f t h e d i v a l e n t s a l t s , e x c l u d i n g Na.SO^, ( a r , a^, a ) 
2 4 5 6 / 
(b j . , bg, b^) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was t r u e , 
P 0 > 0.05. 
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H y p o t h e s i s 9 That t h e s l o p e s and t h e i n t e r c e p t s o f t h e l i n e a r r e g r e s s i o n 
l i n e s f o r t h e f o u r monovalent s a l t s and t h r e e o f t h e d i v a l e n t s a l t s , 
e x c l u d i n g Na 2S0 4, ( a 1 # a 2 > a 3 , a^, a 5 , a.^, a ? ) (b , b 2 > b 3 , b^, b 5 , b 6 , b ? ) 
were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s h y p o t h e s i s was f a l s e , < 0.001. 
H y p o t h e s i s 10 Tha t t h e i n t e r c e p t s o f t h e l i n e a r r e g r e s s i o n l i n e s f o r t h e 
f o u r monovalent s a l t s and t h r e e o f t h e d i v a l e n t s a l t s , e x c l u d i n g Na^SO^, 
( a ^ , a^, a^, a^, a,., a^, a^) were n o t s i g n i f i c a n t l y d i f f e r e n t . T h i s 
h y p o t h e s i s was f a l s e , P ^ q < 0.03. 
From t h e s e t e s t s t h e f o l l o w i n g c o n c l u s i o n s can be drawn. 
There was no s i g n i f i c a n t d i f f e r e n c e between t h e f o u r monovalent s a l t s 
(P^, P ? > 0.05). S i m i l a r l y , t h e r e was no s i g n i f i c a n t d i f f e r e n c e between 
t h r e e o f t h e d i v a l e n t s a l t s ( P 4 , P^ > 0. 0 5 ) , e x c l u d i n g NaSO^, w h i c h was 
s i g n i f i c a n t l y d i f f e r e n t f r o m a l l monovalent and d i v a l e n t s a l t s ( P ^ , P^, 
Vc < 0.033). The monovalent s a l t s were s i g n i f i c a n t l y d i f f e r e n t f r o m t h e 6 
d i v a l e n t s a l t s ( P ^ Q / Pg < 0 . 0 3 ) , t h e s l o p e s o f t h e r e g r e s s i o n l i n e s , 
however, were t h e same (P > 0.05 ) . Three l e a s t squares l i n e s were f i t t e d 
5 
t o t h e t r a n s f o r m e d d a t a : 
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Monovalent s a l t s y = -G.84x + 8.75 
D i v a l e n t s a l t s , e x c l u d i n g Na^SC^ y = -0.84x + 8.38 
Na 2S0 4 y = -1.02x + 8.91 
The e f f e c t o f d i f f e r e n t s a l t s on egg c a p s u l e s w e l l i n g , t h e c o n c e n t r a t i o n 
e x p r e s s e d as n o r m a l i t y . 
L e a s t squares l i n e s were f i t t e d t o t h e d a t a . The e s t i m a t e o f 
e r r o r v a r i a n c e was t h e e r r o r mean square a f t e r f i t t i n g i n d i v i d u a l l i n e s 
t o t h e d a t a . Ten hypotheses were t e s t e d as b e f o r e ( T a b l e 3 5 ) . There was 
no s i g n i f i c a n t d i f f e r e n c e between t h e monovalent s a l t s and t h r e e o f t h e 
d i v a l e n t s a l t s (P.^, P^, P 1 5 > p ^ , p ^ , p , P > 0 . 0 5 ) , e x c l u d i n g Na 2S0 4, 
w h i c h was s i g n i f i c a n t l y d i f f e r e n t f r o m a l l o t h e r s a l t s (P,,/ P,», P,- < 0.003). 
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Two l e a s t squares l i n e s were f i t t e d t o t h e t r a n s f o r m e d d a t a : 
A l l s a l t s e x c e p t Na„S0„ y = -0.85x + 8.73 
2 4 
Na„S0„ y = -1.02x + 9.22 2 4 
The e f f e c t o f d i f f e r e n t a c i d s on egg c a p s u l e s w e l l i n g , t h e c o n c e n t r a t i o n 
e x p r e s s e d as n o r m a l i t y . 
L e a s t squares l i n e s were f i t t e d t o t h e d a t a . The e s t i m a t e o f 
e r r o r v a r i a n c e was t h e e r r o r mean square a f t e r f i t t i n g i n d i v i d u a l l i n e s 
t o t h e d a t a . Three hypotheses were examined (Table 3 5 ) . There was a 
s i g n i f i c a n t d i f f e r e n c e between t h e two a c i d s (P , P-9, P~-> < 0.001), 
and t h e f o l l o w i n g l e a s t squares l i n e s were f i t t e d t o t h e t r a n s f o r m e d d a t a : 
HC1 y = -1.22x + 8.59 
H_S0. y = -1.41x + 9.27 2 4 
There was a s i g n i f i c a n t d i f f e r e n c e between t h e e f f e c t o f 
monovalent and d i v a l e n t s a l t s ( e x c l u d i n g Na^SO^) on egg c a p s u l e s w e l l i n g 
when m o l a r c o n c e n t r a t i o n s were used. T h i s was p r o b a b l y because o f t h e 
d i f f e r e n t i a l r e a c t i v i t y o f monovalent and d i v a l e n t i o n s . When c o n c e n t r a t i o n s 
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were c o n v e r t e d t o n o r m a l i t y , however, t h e same number o f e q u i v a l e n t 
w e i g h t s o f s o l u t e were compared (an e q u i v a l e n t w e i g h t o f a s o l u t e b e i n g 
t h a t q u a n t i t y i n grams w h i c h w i l l r e a c t w i t h one gram o f hydrogen, o r 
w h i c h w i l l r e a c t w i t h t h a t amount o f a n o t h e r substance w h i c h i n t u r n w i l l 
r e a c t w i t h one gram o f h y d r o g e n ) , and t h e r e was no s i g n i f i c a n t d i f f e r e n c e 
between t h e e f f e c t o f monovalent and d i v a l e n t s a l t s . T h i s s u ggests t h a t 
one d i v a l e n t i o n i s e q u i v a l e n t i n e f f e c t t o two m o n ovalent i o n s . Krogh 
e t a l . (1938) f o u n d t h a t a d i v a l e n t c a l c i u m s a l t was more e f f e c t i v e i n 
i n h i b i t i n g t h e s w e l l i n g o f R. temporaria egg j e l l y t h a n a monovalent sodium 
s a l t . Kobayashi (1954), w o r k i n g w i t h Bufo vulgaris formosus eggs, f o u n d 
t h a t a t low c o n c e n t r a t i o n s monovalent a n i o n s a f f e c t e d j e l l y s w e l l i n g i n 
accordance w i t h t h e o r d e r o f t h e l y o t r o p h i c s e r i e s ( K r u y t , 1949). No 
such t r e n d e x i s t e d i n t h e p r e s e n t d a t a . 
The e f f e c t o f Na^SO^ on c a p s u l a r s w e l l i n g was d i f f e r e n t f r o m a l l 
t h e o t h e r s a l t s t e s t e d . The r e a s o n f o r t h i s anomaly was n o t known. 
Hydrogen i o n s were more e f f e c t i v e i n i n h i b i t i n g c a p s u l a r s w e l l i n g 
t h a n o t h e r monovalent c a t i o n s . The r eason f o r t h i s d i f f e r e n c e was n o t 
known. 
K r u y t (1949) t h o u g h t t h a t t h e e f f e c t o f n e u t r a l s a l t s on 
m a c r o m o l e c u l a r g e l s was due t o t h e i n t e r a c t i o n o f t h e s a l t s w i t h t h e w a t e r . 
Hey et al. (1976) produced a q u a n t i t a t i v e t h e o r y i n an a t t e m p t t o e x p l a i n 
t h e a c t i o n o f a n i o n s and c a t i o n s on a m a c r o m o l e c u l a r system. They t h o u g h t 
t h a t i t was t h e a c t i o n o f t h e i o n s on t h e 'empty' volume o f t h e s o l v e n t 
t h a t was i m p o r t a n t . 
9.2.6 The r e v e r s i b i l i t y o f egg c a p s u l e s w e l l i n g 
Batches o f 16 eggs f r o m t h e same female were p l a c e d i n f o u r 
p l a s t i c j a r s . The eggs i n t h e f o u r j a r s were t r e a t e d as f o l l o w s : 
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The eggs i n j a r (1) were c u l t u r e d i n low c o n d u c t i v i t y w a t e r f r o m pond (41) 
f o r t h e d u r a t i o n o f t h e e x p e r i m e n t . 
The eggs i n j a r (2) were c u l t u r e d i n low c o n d u c t i v i t y w a t e r f r o m pond (41) 
f o r 24 h o u r s , t h e n t h e w a t e r was r e p l a c e d by h i g h c o n d u c t i v i t y w a t e r f r o m 
pond ( 2 ) . 
The eggs i n j a r (3) were c u l t u r e d i n h i g h c o n d u c t i v i t y w a t e r f r o m pond (2) 
f o r t h e d u r a t i o n o f t h e e x p e r i m e n t . 
The eggs i n j a r (4) were c u l t u r e d i n h i g h c o n d u c t i v i t y w a t e r f r o m pond (2) 
f o r 24 h o u r s , t h e n t h e w a t e r was r e p l a c e d by low c o n d u c t i v i t y w a t e r f r o m 
pond ( 4 1 ) . 
A l l t h e j a r s were k e p t i n a c o n s t a n t t e m p e r a t u r e room a t 15°C. 
Egg volumes measured a t d i f f e r e n t t i m e i n t e r v a l s a r e shown i n 
Tabl e 36 and p l o t t e d i n F i g . 2 1 . A f t e r s i x days t h e eggs i n j a r (4) were 
o n l y two p e r c e n t s m a l l e r t h a n t h e eggs i n j a r ( 1 ) . The eggs i n j a r (2) 
sh r a n k , b u t were s t i l l 38 p e r c e n t l a r g e r t h a n t h e eggs i n j a r (3) a f t e r 
s i x days. I t may be t h a t once t h e m a c r o m o l e c u l a r g e l framework has been 
s t r e t c h e d , i t l o s e s some o f i t s e l a s t i c i t y . I t was s t i l l p o s s i b l e , 
however, t o r e v e r s e t h e s w e l l i n g p a t t e r n t o a l a r g e e x t e n t . 
9.3 Egg volume p r e d i c t i o n s f r o m pH and c o n d u c t i v i t y measurements 
o f pond w a t e r 
9.3.1 I n t r o d u c t i o n 
The p r e v i o u s e x p e r i m e n t s showed t h a t t h e t e m p e r a t u r e and i o n i c 
c o n c e n t r a t i o n o f a s o l u t i o n had a marked e f f e c t on t h e s w e l l i n g o f t h e 
g e l a t i n o u s egg c a p s u l e . The n a t u r e o f t h e i o n s i n s o l u t i o n appeared t o 
be l e s s i m p o r t a n t , w i t h t h e e x c e p t i o n o f hydrogen i o n s w h i c h were c o n s i d e r a b l y 
more e f f e c t i v e s w e l l i n g i n h i b i t o r s t h a n any o t h e r i o n s i n v e s t i g a t e d . 
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T a b l e 36. The mean volume a t d i f f e r e n t i n t e r v a l s o f eggs k e p t under 
t h e f o l l o w i n g c o n d i t i o n s ; each sample was based on 16 eggs 
(1) Eggs were k e p t i n low c o n d u c t i v i t y pond w a t e r ( f r o m pond 41) 
f o r t h e d u r a t i o n o f t h e e x p e r i m e n t . 
(2) Eggs were k e p t i n low c o n d u c t i v i t y pond w a t e r ( f r o m pond 41) 
f o r 24 h o u r s , t h e n t h e w a t e r was r e p l a c e d by pond w a t e r o f 
h i g h c o n d u c t i v i t y ( f r o m pond 2 ) . 
(3) Eggs were k e p t i n h i g h c o n d u c t i v i t y pond w a t e r ( f r o m pond 2) 
f o r t h e d u r a t i o n o f t h e e x p e r i m e n t . 
(4) Eggs were k e p t i n h i g h c o n d u c t i v i t y pond w a t e r ( f r o m pond 2) 
f o r 24 h o u r s , t h e n t h e w a t e r was r e p l a c e d by pond w a t e r ( f r o m 
pond 41) o f low c o n d u c t i v i t y . 
Time 
(Hours) 
(1) (2) 
0 9. 8± 0.24 9 8± 0 
24 832 ±34.03 820 ±21 
96 1,394 ±53.28 498 ±22 
120 1,547 ±55.70 489 ±18 
144 1,766 ±68.71 513 ±23 
egg volume - 1 S.E. 
(mm^) 
(3) (4) 
.30 9. 5± 0 .38 9. 5± 0. 36 
.66 173 ± 3 .90 161 ± 3. 56 
.13 277 ±12 .77 1, 195 ± 74. 13 
.99 323 ±18 .88 1, 418 ± 91. 52 
.81 373 ±25 .10 1, 729 ±116. 38 
I t i s r e l a t i v e l y s i m p l e t o s t u d y a s i n g l e f a c t o r i n r e l a t i o n t o 
s w e l l i n g , b u t t h e e f f e c t o f pond w a t e r on t h e s w e l l i n g p r o c e s s w i l l 
o b v i o u s l y be more complex. Even w i t h a d e t a i l e d a n a l y s i s o f t h e i o n i c 
c o n t e n t o f a s p e c i f i c pond w a t e r , t h e e x p e c t e d e f f e c t on s w e l l i n g deduced 
f r o m t h e sum o f t h e p a r t s may n o t n e c e s s a r i l y e q u a l t h e o b s e r v e d e f f e c t 
o f t h e whole. An a t t e m p t was made, t h e r e f o r e , t o f i n d a r e l a t i o n s h i p 
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between egg volume and some e a s i l y measurable c h a r a c t e r i s t i c s o f pond 
w a t e r , b e a r i n g i n mind t h a t t h e t o t a l i o n i c c o n c e n t r a t i o n , t h e hydrogen 
i o n c o n c e n t r a t i o n and t h e t e m p e r a t u r e o f t h e pond w a t e r a r e p r o b a b l y t h e 
c r i t i c a l f a c t o r s i n v o l v e d . 
A good e s t i m a t e o f t h e i o n i c c o n c e n t r a t i o n o f a s o l u t i o n can 
be o b t a i n e d f r o m measurements o f c o n d u c t i v i t y , w h i c h i s a measure o f t h e 
a b i l i t y o f a c o n d u c t o r t o convey an e l e c t r i c c u r r e n t . I n t h e case o f pond 
w a t e r , c o n d u c t i v i t y i s r e l a t e d t o t h e c o n c e n t r a t i o n o f t h e i o n s p r e s e n t i n 
s o l u t i o n and t o t h e t e m p e r a t u r e o f t h e s o l u t i o n . The v a l u e s o b t a i n e d , 
however, g i v e no i n d i c a t i o n o f t h e n a t u r e o f t h e i o n s i n s o l u t i o n . The 
hydrogen i o n c o n c e n t r a t i o n and t e m p e r a t u r e o f pond w a t e r can be e a s i l y 
measured by means o f a pH meter and thermometer r e s p e c t i v e l y . 
I n t h e p r e s e n t s e c t i o n , e x p e r i m e n t s were p e r f o r m e d t o d i s c o v e r 
i f pH and c o n d u c t i v i t y measurements o f pond water c o u l d be used t o p r e d i c t 
t h e volume o f f r o g ' s eggs. 
9.3.2 Methods 
Water samples were c o l l e c t e d f r o m 20 d i f f e r e n t ponds i n 500ml 
p o l e t h y l e n e b o t t l e s and p r o m p t l y r e t u r n e d t o t h e l a b o r a t o r y where t h e y 
were p l a c e d i n a 15°C c o n s t a n t t e m p e r a t u r e room. When t h e t e m p e r a t u r e 
o f t h e w a t e r samples reached 15°C, pH and c o n d u c t i v i t y measurements were 
t a k e n . C o n d u c t i v i t y measurements were made w i t h an E l e c t r o l y t i c 
C o n d u c t i v i t y Measuring Set (model 1 MC-1, Mark V) m a n u f a c t u r e d by 
E l e c t r o n i c S w i t c h g e a r L t d . Measurements o f pH were made w i t h a mains 
o p e r a t e d Beckman Z e r o m a t i c pH me t e r , model 96. 
A t o t a l o f 20 j a r s w i t h 16 eggs p e r j a r were s e t up as d e s c r i b e d 
i n s e c t i o n (9.1.1) and 300ml o f pond w a t e r o f known c o n d u c t i v i t y and pH 
was added t o each one. The volume o f t h e eggs was measured a f t e r 24 hours 
(Ta b l e 3 7 ) . 
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T a b l e 37. Mean egg volume a f t e r 24 hours i n pond w a t e r s o f d i f f e r e n t pH 
and c o n d u c t i v i t y ; each sample was based on 16 eggs 
Pond C o n d u c t i v i t y o f t h e pH o f t h e Mean egg volume a f t e r 
a l t i t u d e pond w a t e r (micromhos/ pond 24 hours - 1 S.E. 
(m) cm a t 15°C) w a t e r (mm3) 
61 890 8.1 198 - 10.8 
137 760 8.0 204 - 6.0 
46 750 7.5 230 - 8.7 
183 670 8.1 260 - 9.6 
122 650 7.4 248 - 10.5 
411 550 8.0 236 - 11.4 
518 355 7.4 347 - 15.3 
373 290 7.5 337 - 12.2 
442 145 4.7 427 - 20.3 
488 135 7.1 587 - 20.7 
335 130 7.0 621 - 19.3 
602 130 3.9 284 - 22.5 
335 115 6.9 752 - 31.5 
617 105 . 4.1 390 - 17.7 
556 100 4.5 450 - 30.5 
610 90 6.5 790 - 29.6 
602 87 4.5 507 ± 1 8 . 3 
602 80 5.7 542 - 21.4 
556 77 6.5 792 - 37.5 
617 75 5.6 605 -37.2 
The mean volume - 1 S.E. o f eggs i n w a t e r from ponds below 200m = 
The mean volume - 1 S.E. o f eggs i n w a t e r f r o m ponds above 200m = 511^46.41 
9.3.3 R e s u l t s 
The r e l a t i o n s h i p between egg volume and pH i s shown i n F i g . 22. 
The optimum pH f o r s w e l l i n g was about 6.5, v e r y c l o s e t o t h e optimum pH 
o f 6.4 f o r t h e s w e l l i n g o f Dufo vulgaris formosus egg j e l l y ( K o b a y a s h i , 
1954) . 
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The r e l a t i o n s h i p between pond w a t e r c o n d u c t i v i t y and egg 
volume i s shown i n F i g . 23. The l o g a r i t h m o f mean egg volume i n c u b i c 
m i l l i m e t r e s (y) was r e l a t e d t o t h e l o g a r i t h m o f t h e pond w a t e r c o n d u c t i v i t y 
i n micromhos/cm (x) by t h e f o l l o w i n g l i n e a r r e l a t i o n s h i p s : 
F o r pond w a t e r o f pH > 6.5, y = - 0 . 6 0 ( - 0 . 0 2 ) x + 4.06 
( r = -0.99, t = 23.35, d . f . = 1 1 , P < 0.001) 
For pond w a t e r o f pH < 6.5, y = - 1 . 5 2 ( ^ 0 . 0 9 ) x + 5 . 6 6 
( r = -0.99, t = 15.71, d . f . = 5, P < 0.001) 
There was a s i g n i f i c a n t d i f f e r e n c e between t h e s l o p e s o f t h e two 
r e g r e s s i o n l i n e s ( t = 9.98, d . f . = 6, P < 0.001). 
9.3.4 D i s c u s s i o n 
From pH and c o n d u c t i v i t y measurements o f pond w a t e r a good 
p r e d i c t i o n o f whole egg volume can be made. The volume o f t h e whole egg 
was i n v e r s e l y r e l a t e d t o t h e c o n d u c t i v i t y o f t h e pond w a t e r used as t h e 
c u l t u r e medium. T h i s was e x p e c t e d s i n c e c o n d u c t i v i t y i s e s s e n t i a l l y a 
measure o f i o n i c c o n c e n t r a t i o n . 
As d i s c u s s e d i n s e c t i o n 2.1, t h e c o n d u c t i v i t y o f t h e w a t e r i n a 
pond decreases by 126 micromhos/cm f o r each 100m i n c r e a s e i n a l t i t u d e . 
From T a b l e 37 i t can be seen t h a t t h e mean volume o f eggs a f t e r 24 h o u r s 
i n w a t e r f r o m ponds below 200m was 228m"^, l e s s t h a n h a l f t h e mean volume 
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o f 511mm f o r eggs i n w a t e r f r o m ponds above 200m. The c a p s u l e s o f eggs 
i n h i g h l a n d ponds, t h e r e f o r e , a r e l a r g e r t h a n t h e c a p s u l e s o f eggs i n 
l o w l a n d ponds ( t = 5.90, d . f . = 5, P < 0.002), due t o t h e decrease i n t h e 
i o n i c c o n c e n t r a t i o n o f pond w a t e r w i t h a l t i t u d e . 
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CHAPTER 10 
General Discussion 
A c l i m a t i c g r a d i e n t e x i s t s i n northern England between the 
comparatively equable lowland regions and the harsher high moorland areas 
of the northern Pennines which are i n v a r i a b l y colder (Manley, 1936) and 
s u b j e c t t o more v i o l e n t c l i m a t i c f l u c t u a t i o n s (Cragg, 1961). R a i n f a l l 
also increases w i t h a l t i t u d e . The mean annual r a i n f a l l f o r Moor House 
( a l t i t u d e 561m) i s 1,889mm, almost three times as much as the mean annual 
r a i n f a l l of 650mm f o r Durham ( a l t i t u d e 102m). Nevertheless, drought 
c o n d i t i o n s can also occur i n high moorland areas (Coulson, 1962). During 
A p r i l 191b,. only 16mm of r a i n f e l l a t Moor House compared w i t h the average 
of 128mm f o r t h i s month. The water l e v e l i n most of the ponds dropped 
considerably, k i l l i n g the eggs l a i d i n the shallower areas. R. temporaria 
normally l a y t h e i r eggs i n the shallower water a t the edge of a pond 
(Leutscher, 1953; Savage, 1961; Cooke, 1975), so high egg m o r t a l i t y may 
o f t e n occur i n years w i t h low spring r a i n f a l l . 
Although spawning i s l a t e r a t higher a l t i t u d e s , highland breeding 
ponds are probably colder during the embryonic development p e r i o d . During 
1976 the mean temperature between spawning and hatching i n highland pond (42) 
( a l t i t u d e 556m) was 6.0°C, 1.1°C colder than the eggs i n lowland pond (4) 
( a l t i t u d e 61m). Highland ponds are also subject t o low temperatures f o r 
long periods of time. I n 1975, f o r example, the temperature i n pond (42) 
f e l l below 0.5°C f o r 36 hours, reaching a minimum temperature of 0.1°C. 
Although R. temporaria eggs can t o l e r a t e a t l e a s t 12 hours a t 0°C (Douglas, 
1948), the surface l a y e r of eggs i n highland ponds i s o f t e n k i l l e d by 
f r e e z i n g . Greenhalgh (1974) observed many dead eggs d u r i n g the s p r i n g of 
1973 i n the h i g h - l e v e l tarns on Howgill F e l l s i n northern England. He 
a t t r i b u t e d the death of the eggs to the s e v e r i t y of the weather, b u t 
produced l i t t l e data t o j u s t i f y t h i s statement. 
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The pH o f t h e b r e e d i n g ponds decreased by 0.5 f o r e v e r y 100m 
i n c r e a s e i n a l t i t u d e . Some h i g h l a n d ponds were v e r y a c i d i c w i t h pH v a l u e s 
l e s s t h a n 4.0. There i s e v i d e n c e t o suggest t h a t t h e pH o f t h e pond w a t e r 
may a f f e c t t h e success o f f e r t i l i z a t i o n . The hydrogen i o n c o n c e n t r a t i o n i s 
known t o be o f i m p o r t a n c e i n d e t e r m i n i n g optimum c o n d i t i o n s f o r sperm 
a c t i v i t y i n many a n i m a l s ( R o t h s c h i l d , 1956). There i s a l s o e v i d e n c e f o r 
a d i f f u s i b l e 1 f e r t i l i z i n ' - l i k e substance i n amphibian egg mucoids w h i c h 
i s i m p o r t a n t f o r sperm a c t i v a t i o n ( B a r b i e r i and V i l l e c o , 1966). The 
a c t i v i t y o f t h e s e substances i s a f f e c t e d by pH ( N e l s e n , 1953; B r a c h e t , 1950). 
Gosner and B l a c k (1957) f o u n d t h a t low pH caused a b n o r m a l i t i e s i n t h e 
embryos o f c e r t a i n f r o g s f r o m New J e r s e y . The a b n o r m a l i t i e s were p r o d u c e d 
by m e c h a n i c a l p r e s s u r e due t o t h e f a i l u r e o f t h e p e r i v i t e l l i n e space t o 
absorb normal q u a n t i t i e s o f w a t e r . 
D u r i n g t h e c o u r s e o f t h e p r e s e n t work dead eggs were f o u n d i n 
many o f the. h i g h l a n d ponds. For example, when n i n e clumps o f spawn l a i d 
i n pond (45) ( a l t i t u d e 602m) were examined on 30 A p r i l 1976, no l i v i n g 
embryos were f o u n d . S i m i l a r l y , o u t o f 37 clumps o f spawn examined i n 
pond (41) ( a l t i t u d e 556m), o n l y one p e r c e n t o f t h e embryos were a l i v e . 
B o t h pond (41) and pond (45) had low pH v a l u e s o f 4.5 and 3.9 r e s p e c t i v e l y , 
b u t w h ether t h i s caused o r c o n t r i b u t e d t o t h e d e a t h o f t h e eggs was n o t 
known. 
Most o f t h e dead eggs i n h i g h l a n d ponds were c o v e r e d w i t h a g r e y 
f u n g u s , s i m i l a r t o t h a t d e s c r i b e d by F r y e r (1973) and i d e n t i f i e d as 
Saprolegnia ferax. T h i s fungus may have k i l l e d t h e eggs, o r perhaps were 
s a p r o p h y t i c , l i v i n g on eggs k i l l e d by some o t h e r a g e n t . None o f t h e eggs 
i n l o w l a n d ponds were i n f e c t e d w i t h t h i s f u n g u s . Greenhalgh (1974) f o u n d 
R. temporaria eggs c o v e r e d w i t h t h i s fungus i n c e r t a i n h i g h - l e v e l t a r n s on 
H o w g i l l F e l l s i n n o r t h e r n England, b u t c o u l d f i n d no i n f e c t e d eggs i n 
s e v e r a l hundred clumps o f spawn examined i n ponds on t h e L a n c a s h i r e c o a s t a l 
p l a i n . 
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Desiccation, f r e e z i n g , low pH and p o s s i b l y fungal attack are 
some of the environmental pressures experienced by the eggs of highland 
frogs. Differences were found t o e x i s t between highland and lowland frogs 
and t h e i r eggs, which may have been the r e s u l t o f adaptation t o these 
environmental pressures. 
The spawning of frogs was delayed by s i x days f o r every 100m 
increase i n a l t i t u d e . Highland embryos w i l l , t h e r e f o r e , avoid the lower 
temperatures a t higher a l t i t u d e s t o some extent. The l a t e r spawning of 
highland f r o g s may simply be the e f f e c t of low environmental temperature 
on a ' p h y s i o l o g i c a l clock', or perhaps the date of spawning i s under genetic 
c o n t r o l . Recording the date of spawning o f lowland frogs t r a n s f e r r e d t o a 
highland s i t e , and vice versa, would help t o resolve t h i s problem. Low 
temperatures and l a t e r spawning at higher a l t i t u d e s , however, cause a 
delay i n metamorphosis. L a r v a l R. temporaria from northern England 
metamorphose comparatively l a t e i n the year. Young frogs leave lowland 
ponds during June and J u l y , and highland ponds during August and September. 
I n most other p a r t s of England j u v e n i l e f rogs are leaving the ponds at the 
end of May or the beginning o f June (Smith, 1969). Accordingly, i n the 
highland areas o f northern England i n p a r t i c u l a r , the young frogs have 
l i t t l e or no time t o feed and store the energy reserves r e q u i r e d t o survive 
the f i r s t w i n t e r . 
Embryos from highland areas i n northern England developed about 
fo u r per cent f a s t e r a t 6°C than lowland embryos between stage 3 (appearance 
of the furrow o f the f i r s t d i v i s i o n ) and stage 20 ( g i l l c i r c u l a t i o n ) . 
This w i l l compensate t o some extent f o r the l a t e r spawning and colder ponds 
at higher a l t i t u d e s , and w i l l also reduce the time t h a t f r a i l immobile 
embryos are a t r i s k from f r e e z i n g and d e s i c c a t i o n . This d i f f e r e n c e i n 
the development r a t e may extend beyond stage 20, but t h i s i s r a t h e r d i f f i c u l t 
t o t e s t because once the embryos have hatched, numerous a d d i t i o n a l f a c t o r s can 
a f f e c t the r a t e o f development and the time of metamorphosis. 
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Larvae deprived of food soon stop growing and d i f f e r e n t i a t i n g . 
D'Angelo et al. (1941) found t h a t R. sylvatica and R. pipiens tadpoles 
subjected t o complete i n a n i t i o n were e i t h e r retarded or accelerated i n 
metamorphosis depending on the development stage at which food was withdrawn 
I n a n i t i o n caused a t r o p h i c and degenerative changes i n the t h y r o i d and 
p i t u i t a r y gland, so i t was concluded t h a t f a i l u r e of starved animals t o 
metamorphose was d i r e c t l y r e l a t e d t o a decreased production and release 
of t h y o t r o p i c hormone from the a n t e r i o r hypophysis. 
Any i n a n i t i o n found i n nature would probably be associated w i t h 
crowding, which also a f f e c t s the growth and development of amphibian larvae. 
Using R. sylvatica and R. pipiens l a r v a e , Adolf (1931) showed t h a t crowding 
re t a r d e d growth and metamorphosis. When tadpoles are crowded, some grow 
much l a r g e r and develop f a s t e r than others (Rose, 1960). Experiments w i t h 
R. pipiens by Richards (1958) showed t h a t l a r g e tadpoles produced a substanc 
which i n h i b i t e d the growth of smaller tadpoles. The i n h i b i t o r y substance 
i n R. pipiens was shown t o be associated w i t h a type o f a l g a l c e l l (Richards 
1962). I n most cases t h i s substance i s species s p e c i f i c (Akin, 1966). 
Lack o f i o d i n e i n the environment and i n the d i e t can also a f f e c t 
metamorphosis (Lynn and Brambel, 1935) but there i s l i t t l e evidence t o 
suggest t h a t i odine d e f i c i e n c y ever delays metamorphosis i n nature. 
Metamorphosis i s also a f f e c t e d by l i g h t . Guyetant (1964) found t h a t the 
growth and metamorphosis o f R. temporaria larvae was accelerated i n constant 
l i g h t , but was retarded i n complete darkness. 
R. temporaria embryos from highland regions were found t o have a 
lower l e t h a l l i m i t f o r 50 per cent normal development o f 2.8°C between 
stage 3 (appearance of the furrow of the f i r s t d i v i s i o n ) and stage 20 
( g i l l c i r c u l a t i o n ) , one Celsius degree lower than the l i m i t f o r the normal 
development o f lowland embryos. The temperature tolerance of these embryos 
however, may vary a t d i f f e r e n t developmental stages. For example, Zwolfer 
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(1935) found t h a t the developmental n u l l p o i n t of larvae of the Black 
Arches Moth, Lymantria monacha was higher at each developmental stage. 
This i s co n s i s t e n t w i t h the f a c t t h a t l a r v a l L. monacha i n c e n t r a l Europe 
develop from A p r i l t o June when the environmental temperature i s r i s i n g . 
The increased r e s i s t a n c e of highland R. temporaria embryos t o low temperatures 
almost c e r t a i n l y increases t h e i r chances of s u r v i v a l because, as p r e v i o u s l y 
mentioned, highland ponds are subject to temperatures near f r e e z i n g f o r long 
periods of time. The p h y s i o l o g i c a l reason f o r the d i f f e r e n c e i n lower 
l e t h a l l i m i t between highland and lowland frogs i s not known. I n wasps, 
the d i f f e r e n c e i n the temperature t o l e r a n c e between castes appears t o be 
due t o the d i f f e r e n t i a l r e sistance o f the mitochondria (Schwalbach and 
A g o s t i n i , 1964). 
Highland female frogs produced an average of 707 eggs, less than 
h a l f the mean number of 1,586 eggs produced by lowland females. This i s 
probably because highland female frogs are about f i v e per cent smaller 
than lowland females, and smaller R. temporaria u s u a l l y produce fewer eggs 
(Kozlowska, 1971). I n a d d i t i o n , the short growing season and the po s s i b l e 
lack of food i n high moorland areas (Houston, 1973) l i m i t s the energy 
a v a i l a b l e f o r growth and repr o d u c t i o n , as w e l l as f o r enduring the long 
w i n t e r . The d i f f e r e n c e i n egg number and female s i z e , t h e r e f o r e , i s 
probably phenotypic, being the r e s u l t o f environmental v a r i a t i o n . Although 
highland frogs have a lower reproductive p o t e n t i a l than lowland f r o g s , 
they appear t o be more numerous. This i m p l i e s t h a t a t some stage i n the 
l i f e c y c l e , highland frogs have a higher percentage s u r v i v a l r a t e than 
lowland f r o g s . A decrease i n reproductive p o t e n t i a l w i t h a l t i t u d e i s not 
uncommon. The rush, Juncus squarrosus, f o r example, o f t e n produces fewer 
seed capsules a t higher a l t i t u d e s than a t lower a l t i t u d e s (Reay, 1964). 
S i m i l a r l y , Coulson (1956) found t h a t the Meadow P i p i t , /uithus pratensis 
produced fewer eggs a t higher a l t i t u d e s . The average c l u t c h s i z e near 
sea-level was 4.52, whereas at a l t i t u d e s over 305m the average c l u t c h size 
decreased t o 4.07. 
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The mucopolysaccharide capsules covering the eggs of Common Frogs 
act as an i n s u l a t i n g l a y e r , keeping the embryos warmer than the surrounding 
water. Savage (1950) found t h a t the eggs of R. temporaria were on average 
o 
0.63 C warmer than the surrounding water. This d i f f e r e n c e i s small, but 
may be very important t o a species breeding e a r l y i n the year when pond 
temperatures are o f t e n close t o the lower l e t h a l l i m i t . The volume o f the 
egg capsules and t h e i r i n s u l a t i n g e f f i c i e n c y v a r i e d i n d i f f e r e n t pond waters. 
Egg capsules i n low c o n d u c t i v i t y pond water from highland ponds ( a l t i t u d e 
> 200m) were 241 per cent l a r g e r than egg capsules i n high c o n d u c t i v i t y 
pond water from lowland ponds ( a l t i t u d e < 200m). The size of the gelatinous 
capsules made l i t t l e d i f f e r e n c e to the temperature of a clump of eggs heated 
by a batch of l i g h t bulbs. During the c o o l i n g phase, however, the eggs 
w i t h l a r g e capsules were more e f f e c t i v e i n conserving heat. I n nature 
clumps of eggs w i l l warm up during the day and cool t o t h e i r lowest p o i n t 
during the n i g h t and e a r l y morning. This i s the time when eggs w i l l be 
at g r e a t e s t r i s k , and even i f the g e l a t i n o u s capsules keep them even a 
f r a c t i o n o f a degree warmer than the surrounding water, i t may allow the 
eggs t o s u r v i v e . The f a c t t h a t g e l a t i n o u s capsules are l a r g e r i n highland 
ponds may w e l l increase egg s u r v i v a l . This i s probably f o r t u i t o u s , as 
there i s no evidence t o suggest t h a t frogs choose t h e i r breeding ponds 
because of the e f f e c t t h a t the pond water w i l l have on the size of the 
egg capsule. 
Using Prosser's d e f i n i t i o n given i n the i n t r o d u c t i o n , several of 
the d i f f e r e n c e s between lowland and highland f r o g s would appear t o be 
adaptive and favour s u r v i v a l i n a s t r e s s f u l environment. As Maynard Smith 
(1966) pointed out, however, i t i s d e s i r a b l e t o demonstrate the s e l e c t i v e 
advantage o f a p a r t i c u l a r c h a r a c t e r i s t i c i n the f i e l d before d e s c r i b i n g i t 
as adaptive. Because of the d i f f i c u l t i e s i n v o l v e d , t h i s i s seldom done, 
and the adaptive value of a c h a r a c t e r i s t i c has t o be i m p l i e d r a t h e r than proven. 
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There have been some demonstrations o f a c h a r a c t e r i s t i c ' s adaptive value, 
as f o r example i n the work by Dice (1947). I n populations of Deer-mice, 
Peromyscus maniculatus, animals l i v i n g on sandy s o i l s have a l i g h t e r coat 
colour than animals l i v i n g on darker s o i l s . Dice found t h a t owls took a 
greater p r o p o r t i o n of mice whose colour d i f f e r e d from the background than 
mice whose colour merged w i t h the background. 
Highland Common Frogs have a low reproductive p o t e n t i a l and 
although t h e i r eggs appear t o have adapted t o the lower environmental 
temperatures at higher a l t i t u d e s , almost 100% m o r t a l i t y can s t i l l occur. 
Nevertheless, Common Frogs are abundant i n the high moorland areas of the 
northe r n Pennines and there are few ponds not used by frogs f o r spawning. 
The reason f o r t h e i r success may be t h a t highland tadpoles have fewer 
predators than lowland tadpoles. Savage (1961) found t h a t 99 t o lOO per 
cent of a l l tadpoles were l o s t i n c e r t a i n lowland ponds i n southern England. 
Once the young frogs leave highland ponds and survive the f i r s t w i n t e r there 
i s probably l i t t l e or no m o r t a l i t y . Common Frogs are eaten by snakes, 
hawks, owls, crows, g u l l s , ducks, t e r n s , herons, hedgehogs, s t o a t s , weasels, 
badgers, o t t e r s and r a t s (Smith, 1969) . Most of these predators are less 
numerous or absent at higher a l t i t u d e s . 
Man has had l i t t l e impact on highland Common Frogs, but human 
a c t i v i t i e s are one of the major reasons f o r the general d e c l i n e i n f r o g 
numbers. The r e s u l t s of the survey c a r r i e d out by Cooke (1972a) suggest 
t h a t Common Frog numbers decreased s l i g h t l y over most of the B r i t i s h I s l e s 
d u r i n g the 1940s and 1950s and s u f f e r e d considerable declines over most o f 
England throughout the 1960s. Cooke thought t h a t the main reason f o r the 
dec l i n e was the loss o f s u i t a b l e wetland h a b i t a t due t o s i t e s being f i l l e d 
i n o r drained. There are many frogs k i l l e d on roads during breeding 
m i g r a t i o n s (Savage, 1961). Hodson (1966) found 409 dead frogs on two miles 
of road i n Northamptonshire during 1959 and 1960. I t i s d i f f i c u l t t o 
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assess the e f f e c t o f road deaths on f r o g numbers, however, unless the 
number o f frogs k i l l e d i s expressed as a percentage of the t o t a l p o p u l a t i o n . 
There i s probably l i t t l e m o r t a l i t y r e s u l t i n g from i n s e c t i c i d e s . Environ-
mental concentrations r e q u i r e d t o produce h y p e r a c t i v i t y i n amphibian larvae 
( t i s s u e l e v e l s o f 2-4 p.p.m. DDT (Cooke, 1972b, 1973) are not normally 
encountered i n the f i e l d i n B r i t a i n (Cooke, 1972a). 
S u p e r f i c i a l l y , the cold wet moorland h a b i t a t seems t o be 
unfavourable f o r Common Frogs, causing a r e d u c t i o n i n reproductive p o t e n t i a l , 
high egg m o r t a l i t y and a delay i n the date of emergence of j u v e n i l e f r o g s . 
There are b e n e f i t s , however, t o be derived from l i v i n g a t higher a l t i t u d e s . 
The high annual r a i n f a l l i n highland "regions means t h a t there are numerous 
breeding ponds f o r Common Frogs which seldom dry out. I n a d d i t i o n , young 
f r o g s emerging from the ponds are less l i k e l y t o become desiccated. A wet 
environment i s h i g h l y s u i t a b l e f o r other animals. The Enchytraeid, 
Cognettia sphagnetorum, f o r example, i s abundant at higher a l t i t u d e s where 
i t i s r e l a t i v e l y f r e e from d e s i c c a t i o n and i t has a l a r g e supply of decaying 
organic matter (Peachey, 1959). Predation may also be less a t higher 
a l t i t u d e s . Coulson (1956) found t h a t m o r t a l i t y i n the Meadow P i p i t 
decreased w i t h a l t i t u d e , probably due t o less nest p r e d a t i o n . 
The Common Frog appear;:; t o be successful i n the highland 
environment. This i s f o r t u n a t e , because i f the d e c l i n e i n f r o g numbers 
over the l a s t t h i r t y years continues i n lowland England, highland 
populations may w e l l become an important r e s e r v o i r . 
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SUMMARY 
1. Aspects of the breeding b i o l o g y of the Common Frog, Rana temporaria 
temporaria L. were studied i n r e l a t i o n t o a l t i t u d e . Most of the 
research was c a r r i e d out between 1974 and 1976, although spawn date 
records were obtained during the spring o f 1977. 
2. Work centred on 55 breeding ponds i n northern England, ranging i n 
a l t i t u d e from 86 t o 838m. A l l the ponds were w i t h i n a 20km range 
of l a t i t u d e , mostly i n the Wear Va l l e y t o the west o f Durham C i t y . 
3. The water chemistry o f the ponds i n t h i s area v a r i e d w i t h a l t i t u d e . 
The pH and c o n d u c t i v i t y o f the pond water decreased by 0.5 and 
126 micromhos/cm r e s p e c t i v e l y f o r every lOOm increase i n a l t i t u d e . 
4. P r i o r t o spawning, a chemical temperature i n t e g r a t i o n technique 
w i t h a probable p r e c i s i o n of -0.1°C was used to measure pond and 
s o i l temperatures a t a s e r i e s o f s i t e s . Both pond temperatures 
measured a t a depth o f 10cm and s o i l temperatures measured a t a 
depth of 5cm f e l l by approximately 0.4°C f o r every 100m increase 
i n a l t i t u d e . 
5. During 1976 two thermographs were used t o measure the temperature 
o f clumps o f spawn i n highland and lowland ponds. The mean 
temperature of the highland clump between spawning and hatching 
o o 
was 6.0 C, 1.1 C lower than the mean temperature o f the lowland 
clump. The lowland clump was a t or below 5°C f o r f i v e per cent o f 
the time, the minimum temperature being 4.5°C, while the highland 
clump was a t or below 5°C f o r 54 per cent of the time, the minimum 
temperature being 2.9°C. 
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6. Temperature data from the Moor House and Durham Meteorological Stations 
suggest t h a t highland ponds are normally colder than lowland ponds 
during the embryonic development p e r i o d . 
7. Between 1974 and 1977 the date o f spawning was always l a t e r a t higher 
a l t i t u d e s . On average, spawning was s i x days l a t e r f o r every lOOm 
increase i n a l t i t u d e . Possible t r i g g e r i n g mechanisms f o r emergence 
and spawning are discussed. 
8. The time taken f o r R. t. temporaria embryos from northern England t o 
develop from stage 3 (appearance of the furrow of the f i r s t d i v i s i o n ) 
t o stage 20 ( i n i t i a t i o n of g i l l c i r c u l a t i o n ) was measured a t 6°, 8°, 
10°, 15°, 16° and 20°C. These r e s u l t s are compared w i t h s i m i l a r data 
f o r French/Belgian and Japanese embryos. Embryos from northern 
England had a r a p i d development r a t e compared w i t h the embryos from 
Europe and Japan, p a r t i c u l a r l y a t low temperatures. I t i s suggested 
t h a t the r a p i d development r a t e i n embryos from northern England was 
associated w i t h the s h o r t e r growing season and colder environmental 
c o n d i t i o n s a t higher l a t i t u d e s . 
9. Highland embryos from northern England developed one per cent slower 
o o than lowland embryos a t 16 C, but four per cent f a s t e r a t 6 C. This 
i s thought t o be an adaptation t o the colder breeding ponds a t higher 
a l t i t u d e s . 
10. The lower l e t h a l l i m i t f o r 50 per cent normal development i n highland 
embryos was 2.8°C, one Celsius degree lower than the l i m i t f o r the normal 
development o f lowland embryos. These values are below, most of the 
lower l i m i t i n g temperature estimates p r e v i o u s l y obtained f o r 
R. t. temporaria. 
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11. Highland female frogs had snout-vent lengths approximately f i v e per 
cent smaller than lowland females, the reverse o f t h a t expected from 
zoo-geographical r u l e s . 
12. Highland females produced an average of 707 eggs, less than h a l f 
the number o f 1,586 eggs produced by lowland females. 
13. Possible causes f o r the v a r i a t i o n i n female size and egg number w i t h 
a l t i t u d e are discussed. 
14. The mucopolysaccharide capsule covering the eggs of the Common Frogs 
acted as an i n s u l a t i n g l a y e r , keeping the embryos warmer on average 
than the surrounding water. This i s thought t o be of importance 
as Common Frogs breed e a r l y i n the year when pond temperatures are 
o f t e n close t o the lower l e t h a l l i m i t . 
15. The volume and i n s u l a t i n g e f f i c i e n c y of egg capsules v a r i e d i n 
d i f f e r e n t pond waters. Egg capsules i n low c o n d u c t i v i t y pond water 
were l a r g e r and more e f f i c i e n t i n s u l a t o r s than egg capsules i n high' 
c o n d u c t i v i t y pond water. 
16. There was no s i g n i f i c a n t d i f f e r e n c e between the s w e l l i n g o f f e r t i l e 
and i n f e r t i l e egg capsules. 
17. Temperature had an e f f e c t on the s w e l l i n g of the g e l a t i n o u s egg 
capsule. Over the temperature range 2° t o 20°C the volume of the 
o 
egg capsule a f t e r 24 hours increased by two per cent f o r every 1 C 
r i s e i n temperature. 
18. V a r i a t i o n i n the oxygen co n c e n t r a t i o n of the c u l t u r e medium had no 
s i g n i f i c a n t e f f e c t on the s w e l l i n g o f the egg capsule. 
19. The i o n i c c o n c e n t r a t i o n of the c u l t u r e medium had a marked e f f e c t on 
the s w e l l i n g o f the egg capsule. The whole egg volume decreased as 
the i o n i c c o n c e n t r a t i o n increased. 
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20. There was a negative c u r v i l i n e a r r e l a t i o n s h i p between the whole egg 
volume a f t e r 24 hours and the pH of the c u l t u r e medium. 
21. I n general, the e f f e c t on capsular s w e l l i n g of two monovalent ions 
i s the same as the e f f e c t of one d i v a l e n t i o n . Hydrogen ions, 
however, are more e f f e c t i v e i n i n h i b i t i n g s w e l l i n g than other 
monovalent c a t i o n s . The e f f e c t of sodium sulphate on the s w e l l i n g 
of the egg capsule was d i f f e r e n t from a l l the other s a l t s t e s t e d . 
The reason f o r t h i s anomaly i s not known. 
22. The s w e l l i n g of the gel a t i n o u s egg capsule was r e v e r s i b l e t o a 
la r g e e x t e n t . 
23. A p r e d i c t i o n of the whole egg volume could be made from pH and 
c o n d u c t i v i t y measurements of the pond water used as the c u l t u r e 
medium. 
24. The mean volume of eggs a f t e r 24 hours i n low c o n d u c t i v i t y water 
3 
from highland ponds ( a l t i t u d e > 200m) was mm , «*io*e. than tuice the 
mean volume o f 21?mm"^ f o r eggs i n high c o n d u c t i v i t y water from lowland 
ponds ( a l t i t u d e < 200m). The l a r g e r gelatinous capsules surrounding 
eggs i n highland ponds may a f f e c t t h e i r chances of s u r v i v a l . 
25. The d i f f e r e n c e s found between lowland and highland frogs are discussed 
i n terms of t h e i r p o t e n t i a l adaptive s i g n i f i c a n c e . 
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APPENDIX 
The method used t o c a l c u l a t e i n t e g r a t e d t e m p e r a t u r e v a l u e s f r o m t h e sucrose 
i n v e r s i o n t e c h n i q u e 
The v e l o c i t y o f s u c r o s e h y d r o l y s i s i s r e l a t e d t o t e m p e r a t u r e 
by means o f an A r r h e n i u s - t y p e e q u a t i o n : 
C 2 
l o g K = C l - — (1) 
where: 
K = t h e v e l o c i t y c o e f f i c i e n t 
= c o n s t a n t depending on t h e pH o f t h e s o l u t i o n 
= c o n s t a n t i n d e p e n d e n t o f pH 
T = a b s o l u t e t e m p e r a t u r e 
The c o n s t a n t v a r i e s w i t h pH and has t o be c a l c u l a t e d f o r each b a t c h o f 
su c r o s e s o l u t i o n . S i n c e i s in d e p e n d e n t o f pH, B e r t h e t ' s v a l u e f o r 
t h i s c o n s t a n t o f 5,854 was used i n t h e c a l c u l a t i o n s . 
E q u a t i o n 1 can be w r i t t e n : 
T = 5,854 ( 2 ) 
C - l o g K 1 1 
T h i s e q u a t i o n can be used t o c a l c u l a t e t h e e n v i r o n m e n t a l t e m p e r a t u r e T i n 
degrees a b s o l u t e . Pallmann et al. (1940) showed t h a t f o r a s u c r o s e 
s o l u t i o n : 
(3) K = £ l o g 
where: 
(A - X) 
t = t i m e i n days 
A = i n i t i a l c o n c e n t r a t i o n o f suc r o s e 
X = amount o f suc r o s e t h a t i n v e r t s t o g l u c o s e and f r u c t o s e i n t i m e t . 
I l l 
A l l the sugars are o p t i c a l l y a c t i v e i n s o l u t i o n go t h e i r e f f e c t i v e 
c o n c e n t r a t i o n s can be determined p o l a r i m e t r i c a l l y and a r o t a t i o n angle 
r a t i o s u b s t i t u t e d f o r the c o n c e n t r a t i o n r a t i o i n ( 3 ) : 
K o - l o g 
a - b o o 
(4) 
where: 
a = i n i t i a l r o t a t i o n o f the s o l u t i o n before i n v e r s i o n o 
a = r o t a t i o n angle a f t e r being i n the f i e l d f o r time t 
b Q = r o t a t i o n angle a t complete i n v e r s i o n : i t i s a constant given by 
B e r t h e t as -9.17°. 
i s c a l c u l a t e d from the f o l l o w i n g equation, a p p l i e d to the s o l u t i o n s 
from the constant temperature rooms: 
5,854 + log 1 
t 
log (5) 
where: 
t = time i n days i n the constant temperature room. 
T = temperature i n degrees absolute of the constant temperature rooms 
a = i n i t i a l r o t a t i o n of the s o l u t i o n before i n v e r s i o n o 
b = r o t a t i o n angle a t complete i n v e r s i o n 
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C a l c u l a t i o n o f t h e c o n s t a n t C, 
T h i s i s c a l c u l a t e d u s i n g e q u a t i o n ( 5 ) , i . e . 
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Cl = 5,854 + l o g 1 . a - b 1 l o g o o 
t a - b 
) 
For t h e sucrose t u b e i n t h e 5 C c o n s t a n t t e m p e r a t u r e room 
5,854 + l o g 
278 
_ 1 l o g 
22 
51.22 + 9.17 
16.00 + 9.17 
C, = 18.9126 
A s i m i l a r c a l c u l a t i o n f o r t h e sucrose t u b e s i n t h e 10°C and 20°C 
c o n s t a n t t e m p e r a t u r e rooms gave C^ v a l u e s o f 18.9510 and 18.9115 
r e s p e c t i v e l y . 
Mean C = 18.9250 
C a l c u l a t i o n o f t h e v e l o c i t y c o e f f i c i e n t K 
T h i s i s c a l c u l a t e d u s i n g e q u a t i o n ( 4 ) , i . e . 
- l o g a - b o o 
a - b 
K = 1 l o g 51.22 + 9.17 
63.28 16.CO + 9.17 
K = 0.0060Q6 ( l o g K = 3.7786 o r -2.2214) 
C a l c u l a t i o n o f t h e c n v i r o u n c n t a l t e m p e r a t u r e T 
T h i s i s c a l c u l a t e d u s i n g e q u a t i o n ( 2 ) , i . e . 
5,854 T = C - logK 
5,854 
T = 18.9250 + 2.2214 
T = 276.83° a b s o l u t e , 3.83° c e n t i g r a d e 
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STATISTICAL ABBREVIATIONS USED IN THE TEXT 
The s t a t i s t i c a l a n a l y s e s used i n t h e p r e s e n t s t u d y were based 
on B a i l e y ( 1 9 7 3 ) , and t h e f o l l o w i n g symbols have been used: 
S.E. = S t a n d a r d E r r o r 
t = t h e " S t u d e n t ' s t " m o d i f i e d f o r s m a l l samples 
d . f . = degrees o f freedom 
P = s i g n i f i c a n c e l e v e l a c t u a l l y a c h i e v e d by d a t a 
r = c o e f f i c i e n t o f c o r r e l a t i o n o f r e g r e s s i o n 
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A L I S T OF SPECIES MENTIONED IN THE TEXT WITH THEIR AUTHORITIES 
Acris erepi tans BAIRD 
Ambystoma maculatum SHAW 
Anthus pratensis LINNAEUS 
Bufo americanus HOLBROOK 
Bufo bufo LINNAEUS 
Bufo fowleri HINCKLEY 
Bufo terrestris BONNATERRE 
Bufo valliceps WIEGMAN 
Bufo vulgaris formosus BOULENGER 
Bufo woodbousie GIRARD 
Cognettia sphagnetorum VEDJ. 
Hula regilia BAIRD & GIRARD 
Juncus sguarrosus LINNAEUS 
Limnodynastes dorsalis GRAY 
Lymantria monacha LINNAEUS 
Molophilus ater MEIGEN 
Peromyscus maniculatus WAGNER 
Prosimulium hirtipes FRIES 
Pseudacris triseriata WEID 
Pseudophryne corroboree MOORE 
Rana aurora BAIRD & GIRARD 
Rana catesbeiana SHAW 
Rana clamitans LATREILLE 
Rana esculenta LINNAEUS 
Rana japonica GUENTHER 
Rana mucosa CAMP 
Rana ni gromacul a ta HALLOWELL 
Rana pi pi ens SCHREBER 
Rana ridibunda PALLAS • 
Rana sylvatica LE CONTE 
Rana temporaria chensinensis DAVID 
Rana temporaria ornativentris WERNER * 
Rana temporaria parvipalmata SEOANE 
Rana temporaria temporaria LINNAEUS 
Saprolegnia ferax (GRUITH) THURET 
Strophingia ericae CURT 
Tipula subnodicornis y ZETTERSTEDT 
Xenopus laevis I 1 2 JAN I97;- DAUDIN 
' T l O f 
*Note th e r e i s a good d e a l of'evidence to suggest t h a t Rana temporaria 
ornativentris WERNER should be changed to Rana ornativentris WERNER 
(Kawamura, 1961). 
